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PARTI 


Pure Mathematics 





Coordinate 
Geometry 


CARTESIAN COORDINATES 


‘The position of a point in a plane can be given by an ordered pair of numbers, written as 
(x.y). These are called the Cartesian coordinates of the point. (The name comes from the 
French mathematician Rene Descartes (1596 — 1650)). The coordinates measure the 
displacement (+ of -) of the point from two perpendicular axes, the y-axis (Oy) and the 
x-axis (Ox), where.O is the origin. 

For example, in Fig.l.1, the coordinates of point A are (4,3) and the coordinates of 
point B are (3,4). 4 is the x-coordinate of A and y-coordinate. (The x-coordinate 
is sometimes called the abscissa and the y-coordinate the ordinate). 





3, 8.4) 
G 4 A(4,3) 
¢ a |3 
x 
° F 
. . 
° E 





Fig. 1.4 


‘The x-coordinate is always stated first. As you can see, (4,3) is not the same point as 
(3,4). Now state the coordinates of the points C, D, E, F and G in Fig. 1.1. 


MIDPOINT OF TWO POINTS 


On graph paper, plot the points A(2,3) and B(8,7). Can you write down the coordinates 
of the midpoint of AB? Can you see how these are related to the coordinates of A and B? 
(Remember that the midpoint is halfway between A and B). 

We can find a formula for the midpoint of AB. We could use different letters for 
coordinates such as (a,b), (c,d), etc. but it is neater to use suffixes attached to x and y for 
specific points. So we write the coordinates of A as (x,,y,) and B as (x,y,). 

Let the coordinates of the midpoint M be (xy,),,) (Fig. 1.2). AC and ME are parallel 
to the x-axis, MD and BC are parallel to the y-axis. 











Fig. 1.2 


Then AD = DC so ty — 





oN 0) 








and EC = BE so yyy, =; —Yy Dy 
From (i), 2ty = 4, + a, and 

from (ii), 2yy = 9, +p 

Therefore, += and yy= 5% 








Midpoint of (x,),) and (x93) is (ES, 244) 


‘The coordinates of the midpoint are the averages of the two x-coordinates and of the 
two y-coordinates of the points. 








Example 1 


(a) Find the midpoint of (i) (3,4) and (5,2) (ii) (~2,-1) and (4,-4). 
(b) If (-2,1) is the midpoint of AB, where A is (3,2), find the coordinates of B. 


(a) () The midpoint is (245 442) = (43), 








(ii) The midpoint is (=234 , =!=4) = (1,24). 


a -° 3 
(b) If (xq) are the coordinates of B, then -2 is the average of -3 and x,, 
ty 

=. 


so (-2) = 
1 


Hence x, 
Similarly y, 


‘Therefore the coordinates of B are (1,0). 











Exercise 1.1 (Answers on page 606.) 
1 State the coordinates of the midpoints of: 


(a) (0,4) and (3,-2) (b) (4,-2) and (-2,6) 

(c) (4,-2) and (-6,9) (d) (0,4) and (4,0) 

(©) (4-1) and (-S,-2) (6) (,-3) and (-5,3) 

(g) (p.2p) and (3p,—4p) (h) (@ + 2b,b — a) and (a - 2b,3a + b) 








(@ (@a-4)and(a+26+0) G) (244, 4=4)and (254, 24%) 

2 A(1,5) and B(7,-9) are two points. AB is divided into four equal parts at C, D and E. 
Find the coordinates of C, D and E. 

3 AG, 1 4), B(-S5,-3) and C(7,-2) are the vertices of triangle ABC. What are the 
coordinates of M, the midpoint of BC and of Q, the midpoint of AM? 

4 The midpoint of PQ is (2,3). If the coordinates of P are (—1,4), find the coordinates 
of Q. 

5 A is (a,3) and B is (4,5). If the midpoint of AB is (3,5), find the values of a and b. 


6 The points A and B are (a,-4) and (—3,b) respectively. If the midpoint of AB is (-2,3), 
find the values of a and b. 


7 L is the point (-3,-2) and M is the point (5,4). N is the midpoint of LM. State the 
coordinates of N. P is the midpoint of NQ and the coordinates of P are (21,4). Find 
the coordinates of Q. 


8 ABCD isa parallelogram. A is the point (2,5), B is the point (8,8) and the diagonals 
intersect at (3!,2!). What are the coordinates of C and D? 


9 The coordinates of A and B are (-9,3) and (-3,4) respectively. B is the midpoint of AC 
and C is the midpoint of AD. Find the coordinates of C and of D. 


10 A is the point (—1,4), B is the point (5, —2) and C is the point (4,-5). If D is the 
midpoint of AB and E the midpoint of DC, find the coordinates of D and E and show 
that AE is parallel to the y-axis. 


11 The coordinates of A and C are (~6,-3) and (-I,1) respectively. 
(a) If C is the midpoint of AB, find the coordinates of B. 
(b) BF is divided into three equal parts at D and E. If the coordinates of E are (6,-1), 
find the coordinates of D and F. 


12 The points (x,.y,), (ty0)s (%9%y) and (xy.y,)s in that order form a parallelogram ABCD. 
Show that x, +x, =x, +x, and y, +), =), +)_ 


13 ABCD is a quadrilateral where A is (1,7), B is (4,3), C is (-1,-3) and D is (-4,5). Is 
ABCD a parallelogram? If not, state new coordinates for B so that ABCD will be a 
parallelogram. 


14 The points A(-1,4), B(4,10), C(6,-5) and D(-2,-8) form a quadrilateral ABCD. P, Q, 
R and S are the midpoints of the sides AB, BC, CD and DA respectively. Prove that 
PQRS is a parallelogram. 

DISTANCE BETWEEN TWO POINTS 

What is the length of AB in Fig.1.3? 





Fig. 1.9 


If we draw AC parallel to the x-axis and CB parallel to the y-axis, then AC = 3 = (-1) = 
4 units and BC = | - (-2) = 3 units. 

By Pythagoras’ Theorem, AB? = AC? + BC? = 16 + 9 = 25 units’. 

Hence the length of AB = V25 = 5 units. 

We can generalize this to find a formula for the distance between any two given points. 





,) and B(x,,y,) to be the two points (Fig.1.4). Fig. 1.4 
Now AC = x, — x, and 
‘Then AB? = AC? + BC 








Bix) 
So the formula for the distance between the 
points (x,.),) and (X,.) is: 
Distance = VG, —x)? +0, —y)° ae. 
Note: Take care with the subtractions if either aie 7 


A 
or both of the coordinates are negative. xy) 


Example 2 


Find the distance between 
(a) (7,13) and (2,1), 
(b) (2,-3) and (-3.4). 








(a) Distance = V(7 = 2 + (13 - 1 = V25 + 144 = V169 = 13 units. 
(b) Distance = V[2— -3)F + [-3 — 4P = V25 +49 = V74 = 8.6 units. 
Note that this could also be done as: 
distance = V[-3 — 2P + [4— (3) = V25 + 49 units as before. 
The coordinates can be subtracted in either order as the results are the same after 
squaring. Verify this for part (a). 
Example 3 


The vertices of a triangle ABC are A(-2.5), B(4.4) and C(S,-2). 
(a) Which is the longest side? 

(b) Is the triangle right-angled? 

(c) What type of triangle is ABC? 

We need only find the squares of the lengths of the sides. 


|-2 — 4) + [5 - 4 = 37 units? 
[4 - SP + [4 - 2)P = 37 unit 
CA? = [5 - (-2)P + [-2 - SP = 98 units? 




















is the longest side. 
AB? + BC? so the triangle is not right-angled. 


(c) AB? = BC? so the triangle is isosceles. 









Example 4 


The vertices of a triangle ABC are A(1 3), B(5,11) and C(9,5). Find the lengths of the 
medians. 

You will recall that a median is a line from a vertex to the midpoint of the opposite 
side. 

The midpoint of BC is (7,8). x 

Hence the length of the median from BUS, 11) 

Ais V6 +5 = V6l =7.8 units. 

Now find the lengths of the other 

two medians. 

‘You should find that they are 

T units and ¥40 units, 


Example 5 


The vertices of a triangle are A(~2,3), B(3,5) and C(0,-6) (Fig.1.5). D is the midpoint 
of AB and E is the midpoint of BC. Show that DE ={ AC. 


It is simpler to work with squares of distances, 

so we find DE* and AC?. 

Dis (3 4) and Eis (1},~$). 

Then DE?= (4-147 +(4+ 4p =14+% 
AC! = (2-0) + (3 +6 = 85 

Hence DE? = } AC? which means that DE = } AC. 





Exercise 1.2 (Answers on page 606.) 


1 Find the distance between the following pairs of points. [Where necessary give your 
answer correct to 2 significant figures.] 


(a) (1,2), (4,6) 3), (2,1) 





), (1,7) ), (4,0) 
{e) (-1,-3), (-2,-5) (A) (2,1), (4,2) 
(g) (-5,0), (7-4) (h) (-5,-2), (0-3) 
(i) (4,0), (0a) @) a+b), (a—b,b) 


2 A circle has centre at (1,2). One point on its circumference is (-3,-1). 
‘What is the radius of the circle? 


3 The vertices of a triangle are A(-4,-2), B(4,2) and C(2,6). 
(a) Is the triangle right-angled? 
(b) Ifa circle is drawn round this triangle, what are the coordinates of its centre? 
(c) Hence find the radius of this circle. 


4 The vertices of triangle ABC are A(-1,3), B(2,7) and C(64). 
(a) Find the squares of the lengths of the sides. 
(b) Hence state completely what type of triangle ABC is. 
(©) Find the area of the triangle. 


5 The vertices of triangle PQR are P(3,4), Q(5,8) and R(7,4). 
(a) What kind of triangle is PQR? 
(b) State the coordinates of the midpoint S of side PR. 
(c) Find the length of QS and deduce the area of the triangle PQR. 


6 The vertices of triangle ABC are A(—4,4), B(2,6) and C(0,-6). Find the lengths of the 
three medians of the triangle. 


7 A(-6,3), B(2,5) and C(0,-5) form a triangle. D is the midpoint of BC. 
(a) State the coordinates of D. 
(b) Find the values of AC*, AB*, AD? and DC?. 
(c) Hence show that AC? + AB? = 2(AD? + DC?) 


8 The vertices of triangle ABC are A(2,3), B(4,5) and C(8,-2). P and Q are the 
midpoints of AB and BC respectively. 
(a) State the coordinates of P and Q. 
(b) Find the values of PQ? and AC?. 
(c) What fraction of AC is PQ? 





9 Circle C, has centre (~3,4) and radius 2 units. Circle C, has centre (1,7) and radius 3 
units. Find the distance between the two centres and hence show that the circles touch 
each other. 


10 The centre of a circle is (1,3) and its radius is 10 units. The centre of a second circle 
is (2,7) and its radius is 5 units. Show that the two circles touch each other and make 
a sketch showing the positions of the circles. 


11 The vertices of triangle PQR are P(2,5), Q(4,3) and R(-2,-3). If S is the midpoint of 
PR, show that triangle PSQ is isosceles. 
12 A circle has its centre at the origin and its radius is 3 units. P(xy) is any point on 


the circumference. State an equation in x and y which is true for all possible positions 
of P. 





13 A(-3,2) and B(4,3) are two fixed points. The point P(x,y) moves so that it is always 
equidistant from A and B (i.e. AP = PB). 
(a) Describe the locus of P . 
(b) Show that (x + 3) + (y - 2)? = (x- 4? + - 3). 
(c) Simplify this equation. (The result is called the equation of the locus of P). 


AREAS OF RECTILINEAR FIGURES (Optional) 


A rectilinear figure has straight line sides. 
The following method will be found useful 
but it is not essential in this Syllabus. It 
gives a quick way of finding the area of 
such a figure using the coordinates of the 
vertices, written in a certain way. We will 
start with a triangle with one vertex at the 
origin O (Fig. 1.7). The other vertices are 
A(x,y,) and B(x,y,). Then the area of 
AOAB = area of AOBC + area of 
trapezium CDAB — area of AODA. Verify 
that this is 

a fay, +49, +4) — 4, - HY, 4) 
= hay, -2y)) 

So, for example, the area of AOAB, 
where A is (6,3) and B is (4,5) will be 
16 x 5-3 x 4) = 9. The vertices were 
taken in the order O - A ~ B, ic. 
anticlockwise. If we take them in the order 
O-B-A, ie. clockwise, the result would 
be -9 (check this).We now extend this 
to AABC (Fig. 1.8). Then the area of 
AABC = AOAB - AOAC - AOCB 
(taking each triangle anticlockwise) Fig. 1.8 


= fy, -ay) - $y, -2y) - }O9,-5)) 








Ax) 


= FO, + +59, 4, 2 YY) 
This result can be easily calculated by arranging the coordinate pairs as columns of a 
matrix, repeating the first pair at the end: 


xy, x, x, 
<(% xo x, ut xo * 
2 a 
y oy 
y, ae e. ~ 
Ve WY, xy, 


Find the products shown. The area = (The ‘sum of the DOWNWARD \ products — the 
sum of the UPWARD @ products}. ~ 


This gives Flay, +x, +.x9,) - Gry, +x), + 4) 


Check that this is the formula given above. 
For example, the area of the triangle shown in Fig. 1.6 will be 


(0+9 + 12)-(-18-10+0)] 





= 244 units? 





This method can be extended to gi 
in order anticlockwise. 

For example, the area of the quadrilateral whose vertices are (4,3), (-2,-3), (-1,2) and 
,-1) is given by 





the area of a polygon, provided the vertices are taken 


4 
24 a” 


3 48 
4 ae af a 
1 Draw a sketch to make sure the 
215 vertices are taken in order. 
2 eM 3 
8 3 2 


9 





Write the pairs as before repeating the first one at the end. Then the area = 
$l +3 +2+9)-(-3 4-94] = 21 units? 


Optional Exercise 


Find the areas of the figures whose vertices are 

(a) (0,0), (3,7), (5.1) () (-1,-2), (2,3), 4,4) 

(©) (4,2), ,-8), (5,11) (d) (5,3), (2,5), (10,-1), (-6,3) 
(e) (-2,-4), (3,1), 1,5), (6-3) 





GRADIENT OR SLOPE OF A STRAIGHT LINE 


‘The rest of this Chapter deals with the coordinate geometry of straight lines. An important 
concept is the gradient or slope of a line. This is a measure of the steepness of the line 
relative to the x-axis. It corresponds to the slope of a path or road which we measure 
relative to the horizontal. Mathematically, if A and B are any two points on a line 
(Fig. 1.9) then the gradient is the value of the ratio 


‘Yertical rise (or fall) |. Y-step j, - 
‘imal Hee ca) i.e. X=SEB in going from A to B. 


9 


ystep 


aestep 





Fig. 1.9 


The x-step and the y-step must be taken parallel to the x-axis and the y-axis respectively 
and either may be positive, negative or zero. 


Then, as we shall see, a gradient can be zero, or a positive or negative number. In a special 
case, it may have no value. 


Example 6 
Find the gradient of the line through (~2,-3) and (3,5) as shown in Fig. 1.10. 


(3,5) 


Fig. 1.10 bers) 


Gradient = $=) = § a positive gradient. 
If the coordinates are taken in the reverse order, then the gradient is 


= 4, giving the same value. The gradient is usually left as a fraction. 


(2,5) 
Example 7 Fig.t.11 


What is the gradient of the line through the points 





2-3 * 





(-2.5) and (4,-2) (Fig. 1.11)? z 
Gradient = $563 = 3 





1 . 
SCH = F =~ 2 , a negative gradient. 








Le 





Hence, if the coordinates of A and B are (x,,y,) and (x,,y,) respectively, as in Fig. 1.12, 
then the gradient of AB is 2 
(The coordinates must be subtracted in the same order). Bry) 


+ or alternatively 372. 









ALY), 
Fig, 1.12 


Gradient of line through (x,.y,) and (xyy,) = 222. 


As the steepness of a straight line is clearly the same at all points on the line, we can take 
any two points on it to calculate its gradient. 





Example 8 


State the gradients of the following lines: 
(a) through (~2,3) and (5,3), 
(b) through (3,4) and (3,2). 


(a) Gradient = 5 = 9 =0 


As we see in Fig. 1.13, the line is parallel 
to the x-axis. 


The gradient of any line parallel to the x-axis is zero, 


(b) Gradient = 2S = § which is undefined as 
division by zero is not possible. 
From Fig. 1.11, we see that the line is parallel to the y-axis. 


‘The gradient of any fine parallel to the y-axis is undefined. 











Angle of Slope 8 
In Fig, 1.14, the slope or gradient of the line AB is 
y=step ystep 
xostep A 
But ZBAC = 0 where @ is the angle between the line xstep 
and the positive x-axis. So the gradient = tan 8. x 
fo) 
0 is called the angle of slope and 0° < @ < 180° (Fig. 1.15). 
Fig. 1.14 


y 


es 
@=0 zero gradient 









90°<8<180" 
negative gradient 


Fig. 1.15 


If @ = 0°, tan 6 = 0; gradient = 0. The line is parallel to the x-axis. 


If 0° < @ < 90°, @ is an acute angle; tan @ is positive and the gradient is positive. The line 
slopes upwards from left to right. fh 


If @ = 90°, tan @ and the gradient are undefined. The line is parallel to the y-axis. 


1f 90° < 8 < 180°, @ is an obtuse angle; tan @ is negative and the gradient is negative, The 
line slopes downwards from left to right. ~, 


PARALLEL LINES 


In Fig. 1.16, the lines AB and CD are parallel. Then 
the angle of slope of each line is @. Hence they have 
the same gradient. 


Parallel lines have equal gradients. 
Lines with equal gradients are parallel. 





Example 9 


A(2,3), B(5,7), C(0,-1) and D(-3,-S) are four points. 
(a) Which of the lines AB, BC, CA and DA are parallel? 
(b) What type of quadrilateral is ABCD? 


(a) The gradients of AB, BC,CA and DA are 4, § ,2and § respectively. Hence BC 


3 
is parallel to DA. 
(b) As it has 2 parallel sides, ABCD is a trapezium. 








Example 10 


Two lines are drawn from A(-1-3), one to B(4,2) and the other to C(—4,2). What are 
their angles of slope? 


Gradient of AB = 5 tan 8, so @ = 45°. 
Gradient of AC = 5 = tan 8, so @ = 121°. 














COLLINEAR POINTS 


Do the points A(~3,-5), B(0,-1) and C(3,3) lie in a straight line, i.e. are they collinear? 
If they are, then the gradient of AB must be the same as that of BC or AC, as these will 
be segments of the same line. 
Gradient of AB = $ and gradient of BC = $. (Check gradient of AC). 


Hence the three points are collinear. 





Example 11 


If C(p.q) is a point on the line AB, where A is (~2,1) and B is (3,2), find a relationship 
between p and q. 
The three points are collinear. 
Hence the gradient of AC = the gradient of AB. 
ab i 
Then 4-1 =! 
Now verify that this gives 5q ~ p = 7, which is the relationship required. 





Exercise 1.3 (Answers on page 606.) 
1 State the gradient of the line through the following pairs of points: 





(a) (2,3), (1,5) (b) (0,3), (3,0) (©) (2,2), (5,5) 
(d) (-3,-9), (1) (e) (1,4), (-3,4) (©) B.-4), BD 
(g) (-1,-2), (2,4) (h) (4,0), (3,-2) @_ (@,0), (O,-a) 





Gi) (a,b), (ba) (k) (rp), (4°) 


2 A(-4,-2), B(5,-2), C(0,3) and D(1,0) are four points. State the gradients of (a) AB, 
(b) CD, (c) AC and (d) BD. 


3 Which of the lines through the following pairs of points are parallel? 
(a) 1,3), (4,5) (b) (3,-2), (5,D. (©) (4-3), (1) 
(d) (-7,4), (2.4) (©) 4), 2-1) (f) (a,b - 1), (a+ 5,b +1) 


4 Find the angle of slope of the line through the following pairs of points: 
@ 2-1,B4) (>) 2-1), 2-5) © (13),G,7) 
5 Are the points (~7,5), (-5,8) and (1,17) collinear? 
6 A(-6,-3), B(-2,8), C(0,5) and D(2,2) are four points. 
(a) Show that B, C and D are collinear. 


(b) P, Qand R are the midpoints of AB, AC and AD respectively. Show that P, Q and 
R are also collinear. 





7 If the point (a,b) lies on the line joi 
and b. 





ing (—2,3) and (2,1), find a relationship between 


8 If the points (-2,-3), (3,5) and (13,p) are collinear, find the value of p. 


9 The coordinates of a point are given as (f — 1, 2¢ + 1). Show that the points where 
t= 0, | and 2 are collinear. 


10 (a) If the line joining the points (2.4) and (5,-2) is parallel to the line joining (-1,-2) 
and (p,6) find the value of p. 
(b) The line joining (-1,~4) and (a,0) is parallel to the line 
Find the value of a. 


11 (a) Show that the points (2,4), (5,0) and (8,4) are collinear. 
(b) The point (d,d — 2) also lies on this line. Find the value of d. 


12 If the points (—3,—2), (-1, a — 2) and (a, 7) are collinear, find the two possible values 
of a. 





ing (a,1) to (11,3). 


PERPENDICULAR LINES 


The vertices of triangle ABC are A(-4, -2), B(4, 2) and C(2, 6). Verify that this triangle 
is right-angled. Which two sides are perpendicular? Now state the gradients of these 
sides. If you multiply the two gradients, what result do you obtain? 

The result is surprising so we investigate it further. Given the points A(—5, ~4), 
B(-2, 3) and C(-16, 9) show by using Pythagoras’ theorem that AB and BC are 
perpendicular. Now find the product of their gradients. We can show that this result is true 
in general excluding undefined or zero gradients. 

In Fig. 1.17, AB is a line with gradient m, and CD a line with gradient m,, The lines 


imersect at right angles at T. The small triangle PQR shows that m, = =. 





Fig. 1.17 








Now imagine that line AB is rotated through 90° about T to lie along CD. Then triangle 
PQR takes a new position P’Q’R’. 





This shows that m, = 3, as a and b are now both positive. 





Then mm, =— ¢ x ® =—1 and this will be true for any pair of perpendicular lines (except 
for lines parallel tothe sor the ya 





Emm are the gradients of two perpendicular lines, 
— (m, #0, m, #0). 





then m,m, = 1 or m, 


Conversely ffm, and m, ae the gradients of two lines (, #0, m, #0) and 
mm, = -1, then the lines are perpendicular. 














Example 12 


The vertices of triangle ABC are A(-2,-4), B(2,-1) and C(5,-5). 
(a) Show that the triangle is right-angled. 
(b) State the gradient of the altitude through B. 


This could be done using the Pythagoras’ Theorem but here we use gradients. 
The gradients of AB, BC and CA are 3, ~ $ and - + respectively. 

As } x (— ¢) =-1, AB is perpendicular to BC. Hence the triangle is right-angled 
(2B = 90°). 


(a) 





(b) The altitude through B will be perpendicular to AC. Hence its gradient 
ig | 
$27. 








Exercise 1.4 (Answers on page 607.) 


1 Which of the lines through these pairs of points are perpendicular? 
(a) (4,-2), (1,0) (b) (0,-5), (4,-2) (e) (-2,1), (1,5) 





(d) (-1,-4), (2-8) (©) (1,2), 64) 
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3), (-2,7) 


2 State the gradient of a line which is (a) parallel, (b) perpendicular, to AB where 
@ Ais (,-2), Bis (0,4) Gi) (0-1), B is (2,1) 
(iii) A is (3-3), B is (2,4) {iv) A is (4,1), B is (3,0) 


3 Is the triangle formed by the points (~3,2), (0,4) and (4,-2) right-angled? 





4 Find the gradient of a line perpendicular to the longest side of the triangle formed by 
A(-34), B(S,2) and C(0,-3). 


5 (a) Show that the triangle formed by A(-2,-3), B(2,5) and C(10,1) is right-angled 
and isosceles. 
(b) State the gradients of the three altitudes. 


6 Find the angle of slope of a line with gradient 3 and that of another line perpendicu- 
lar to it. 





7 Find the gradient of a line perpendicular to the line joining the points (a,3a) and 
(2a,-a). 


8 CD is the perpendicular bisector of the line joining A(2,3) and B(5,7). 
(a) State (i) the coordinates of the point where CD intersects AB and (ii) the gradient 
of CD. 
(b) If the point (p,q) lies on CD, find a relationship between p and q. 


9 (a) Show that the point (7,1) lies 
(2,4) and (4,6). 
(b) The point (a,4) also lies on this bisector. Find the value 





on the perpendicular bisector of the line joining 





10 A semicircle with centre O (the origin) and radius 5 units, meets Ox at A and B and 
the positive y-axis at C. 
(a) State the coordinates of A, B and C. 
(b) Ifa point (x,y) lies on the semicircle, show that x2 + y? = 25. 
(c)_ Verify that the point P(-3,4) lies on the semicircle and show by using gradients 
that ZAPB = 90°, 


11 A(-1,-2), B(b,1) and C(6,-3) are three points and AB is perpendicular to BC. 
(a) State, in terms of b, the gradients of AB and BC. 
(b) Hence show that (b + 1)(b - 6) = -12. 
(c) Now find the two possible values of b. 


EQUATION OF A STRAIGHT LINE y Fo.418 


‘The point P(x,y) lies on the line through A(~2,3) and B(4,-1) 
(Fig. 1.18). Can we find a relationship between x and y? oa 
(Note that we use the coordinates (x,y) as P is any point on Ply) 
the line). 5 
Since the three points are collinear, the gradient of AP = Bi4-1) 
gradient of AB. 
y-3 2 4e_2 
Thea er eS 
ie. 3(y - 3)'= 20x + 2) or 3y + 2x =5. 








This relationship is called the equation of the line through A and B. 

If the coordinates (x,y) of a point are substituted in the equation and both sides are 
equal, then the point lies on the line, We say the coordinates satisfy the equation. 
Conversely, if the point lies on the line, its coordinates must satisfy the equation. 

For example, the point (3,-5) lies on the line 2x + 3y = -9 because 2 x 3 + 3 x (-5) 
= ~9. The coordinates (3,—5) satisfy the equation. 

The point (2,3) does not lie on the line because 2 x 2+ 3 x 34-9. The coordinates 
(2,3) do not satisfy the equation. 

Such an equation is called a linear equation, as it is the equation of a straight line, Its 
general form is ax + by = c where a, b and c are constants. For example, 2x - 3y = 1, 
y= 3x—5 are linear equations. Note that y = 2 (no x term) or 2x + 1 = 0 (no y term) are 
also linear equations. 





We now look at various forms of a linear equation and how to find them. The position. 
of a line can be fixed in two ways. 


1 Given one point A(x,y,) on the line and its gradient m. 


If P(x,y) is any point on the line (Fig. 1.19), then its gradient is 








gradient m 


Fig. 1.19 


So the equation of the line is 





y= mex) one-point, gradient form 


Example 13 


What is the equation of the line through (3,-1) with gradient 3 ? 
Does the point (2,3) lie on this line? 
Find the coordinates of the points where this line cuts the axes. 


Using the one-point, gradient form, the equation of the line 
is y- (1) = 3 @&-3) ie. 30+ 1) = 2x-3) 
which simplifies to 3y = 2x ~ 9 or 3y — 2x = -9. 


Substituting in the equation, 3 x 3-2 x 2=5. But 5 #—9 so the coordinates do not 
satisfy the equation and hence the point (2,3) does not lie on the line. 


The y-coordinate of any point on the x-axis is 0. 
“Substitute y = 0 in the equation of the line. 


Then 0 = 2x ~ 9 giving x = 4!. The line cuts the x-axis at (44,0). 


Similarly, to find where the line cuts the y-axis, put x = 0 in the equation. Verify 
that this gives the point (0,-3). 





I Given two points A(x,,y,) and B(x,,) 
Let P(x,y) be any point on the line (Fig. 1.20). 





Fig. 1.20 


Then by gradients, 27) = 2— 
Rewriting this in a more symmetrical form, the equation of the line is 





two-point form 
(note the order of the terms) 





Example 14 
Find the equation of the line through (2,-3) and (-1,4). 
It does not matter which point is taken as (x,,y,)- Take (2,3). 


Using the two-point form, the equation is 2= <>. 


=? 


ie, 24 = 


Now remove the fractions to get -3(y + 3) = 7(x-2), which simplifies to 3y + 7x = 5. 





Lines Parallel to the x- or y-axis 
Equations for these lines are special cases. 





Example 15 


Find the equation of the line through 
(a) (-3,2) and'(5,2), 
(b) (3,1) and (3,5). 
y-2 a+3 


(a) If we use the two-point form, we get 3=> = £*3 which is not defined. We can 


see however that the line is parallel to the x-axis (Fig. 1.21). Every point of the line 
will have coordinates of the form (x,2) so its equation will be y = 2 as y is always 
= 2, whatever the value of x. 








Fig. 1.21 


(b) Similarly this line is parallel to the y-axis. Every point will have coordinates of the 
fotm (3). So the equation is x = 3. Hence, if k is a constant, then 


is the equation of a line parallel to the x-axis 





skis the equation of a line parallel to the y-axis 








Exercise 1.5 (Answers on page 607.) 


1 Find, in its simplest form, the equation of the line 
(a) through (2,3) with gradient |, 
(b) through (-1,-1) with gradient 
(©) through (1,3) with gradient — 
(d) through (1,0) and (-2,3) 
(e) through (0,1) and (—| 
(f) through (3,-2) and (7,-2) 
(g) through (—2,4) parallel to the y-axi 
(h) through (1,2) and parallel to a line with gradient 2 
(i) through (-3,-1) and perpendicular to a line with gradient ~ 4 
G) through (—1,2) and (-1,7) 
(k) through (0,-3) and (0.5) 














2 Find the coordinates of the points where each of the li 





s in Question 1 cut the axes. 
3A line cuts the x-axis at (3,0) and the y-axis at (0,-2). Find the equation of the line. 


4 P(0,9) and Q(6,0) are two points. A line is drawn from the origin perpendicular to PQ. 
Find the equation of this line. 


5 Find the equations of the lines through (-1,-4) which are (a) parallel and (b) perpen- 
dicular to another line with gradient — 2. 


6 The gradient of a line is 2 and it cuts the y-axis at (0,3). Find its equation and the 
coordinates of the point where it cuts the x-axis. 


7 Find the equations of the sides of triangle ABC where A is (—2,3), B is (0,5) and C is 
G-1). 


8 The points A(44), B(-2,0) and C(6,-2) form a triangle. 
(a) Find the equations of the medians of this triangle. 
(b) If AD is an altitude of the triangle, find the equation of AD. 


9 From the point (2,5), a perpendicular is drawn to the line joining (~1,~4) and (5,2). 
Find the equation of this perpendicular. 


10 ABCD is a parallelogram where A is (2,-1), B is (6,2) and C is (11,2). 
(a) State the coordinates of the midpoint of AC. 
(b) Hence find the coordinates of D. 
(c) Find the equations of the diagonals of the parallelogram. 
11 A(-1,2) and C(3,4) are opposite vertices of a rhombus ABCD. Find 
(a) the coordinates of the point where the diagonals intersect, 


(b) the gradient of AC, 
(c) the equation of the diagonal BD. 








GRADIENT-INTERCEPT FORM 


Suppose the equation of a line is 2x — 3y = 5. 
How can we find its gradient? 

To do this we convert the equation to a 
special form — the gradient-intercept form. 
Fig, 1.22 shows a line with gradient m which 
cuts the y-axis at C(0,c). ¢ is called the 
y-intercept of the line. Let P(x,y) be any point 
‘on this line, Then the gradient of the line = 
YS£ =msoy—c=mx, 















Hence, if an equation is written in this form, the gradient is given by the coefficient of x 
and the y-intercept by the constant term. 

To verify this, suppose the equation ot y= 2x~3 (gradient-intercept form). This 
line cuts the y 3 (the constant term). The points (2,1) and (5,7) 


lie on the line (check this). The gradient is § = 2 wi 








is the coefficient of x. 





Example 16 
Find the gradients of the lines (a) 2x ~ 3y = 5, (b) 2y +x = 4. 
(a) Convert to the gradient-intercept form, y = mx +c: 
By=-2e+5 
Then y= 3x-3 (dividing by -3) 


TSF 
gradient y-intercept 





So the gradient is } (and the y-intercept is ~ } ). 
(b) 2ytx=—4 ie. 2y=-1-4 soy =—}r-2 
The gradient is ~}. 


It is useful to practise this conversion, i.e. making y the subject of the equation. 


‘The gradient is then obtained quickly. 





Equations of Parallel and Perpendicular Lines 





Example 17 


Find the equations of the lines through the point (1,2) which are 
(a) parallel, (b) perpendicular, to the line 2x ~ 3y = 4. 


(a) The gradient of the line 2x~3y =4 is 3. So the gradient of any parallel line is also 
}.. Hence its equation will be y= 3.x +c. 
To find c, we substitute the coordinates (1,2) in the equation as (1,2) lies on the 
line, Then 2= 3 +c giving c= 4. 
The equation is y= 3x4 fie. 3y=2r +4. 

(b) The gradient of any perpendicular line will be -3 so its equation is y 
Substitute (1,2) to find c and verify that the required equation is 2y = -3x + 7. 








Exercise 1.6 (Answers on page 607.) 
1 State the gradients of the following lines: 





(a) py+x=2p 


2 Find the equation of the line which is 
(a) parallel to x — y = 1 and passes through (2,3) 
(b) parallel to 2x + y = 3 and passes through (0,1) 
(c) perpendicular to 2x + y = 0 and passes through (-1,-2) 
(@) perpendicular to 3x + y = 5 and passes through (-2,~1) 
(©) parallel to y = 4 and passes through (0,1) 
(perpendicular to x - 3y = 1 and passes through (3,0) 
(g) perpendicular to x = 2 and passes through (2,3) 


3 Find the equations of the lines parallel and perpendicular to 
(a) x+y =3 passing through (~1,2) 
(b) 2x y = 4 passing through (0,3) 
(c) 4x + 3y = 1 passing through (0,-2) 
(4) x-3y = 1 passing through (-1,-1) 
4 A line is drawn through the point (~1,2) parallel to the line y + Sx = 
and that of the perpendicular line through the same point. 


5 The side BC of a triangle ABC lies on the line 2x — 3y = 4. A is the point (2,3). Find 
the equation of the altitude through A. 








Find its equation 


INTERSECTION OF LINES 
At what point do the lines 2 — 3y =~7 and 3x + 8y = 2 intersect? This point lies on both 
these lines so its coordinates must satisfy both equations. Hence its coordinates will be 
the solution of the simultaneous equations 
2x ~3y =-7 @ 

and 3x +8y= (ii) 

‘These can be solved by any of the methods you have leat previously. We use the 
elimination method here. 





Multiply (i) by 3: 6x-9y =-21 
Multiply (ii) by 2: 6x + I6y=4 
Subtract: 





‘Substitute in (i): 
The point is (-2,1). 


‘Suppose the lines were 2x — 3y = -7 and 4x ~ 6y = 3. What happens in the solution? 
Explain this. 


Example 18 


From the point P(~1,3), a perpendicular PQ is drawn to the line joining A(-4,-8) and 
B(4,4). Find 

(a) the equations of AB and the perpendicular, 

(b) the coordinates of the point where they intersect, 

(c) the distance of P from the line AB. 


A sketch diagram should always be drawn to help in such questions (Fig. 1.23). 





(a) ‘The equation of AB is “45 = 444 ie. 3x~2y=4. 


Now check that the equation of PQ is 2x + 3y = 7. 
(b) Solving the equations 3x —2y = 4 and 2x + 3y = 7, we get (2,1) as the coordinates 
of Q 
(c) The distance of P from AB is PQ. 
PQ? = (-1- 2) + (3-1)? = (3 +2? = 13 50 PQ= VIB 











Example 19 


ABCD is a rectangle where A is (3,2), D is (2,5) and B lies on the y-axis. Find 
(a) the equation of AD, 

(b) the equation of AB, 

(c) the coordinates of B, 

(d) the coordinates of C. 


Fig. 1.24 








Fig. 1.24 shows the facts given 
(a) Equation of AD is 25? = 423 ie, 3x—Sy=-19. 
(b) AB is perpendicular to AD. The gradient of AD is 3 so the gradient of AB is 3. 
Knowing the gradient and the point A, verify that the equation of AB is 
3y =-Sx-9. 
(©) AB meets the y-axis where x = 0. Hence y = -3. The coordinates of B are (0-3). 





(d) Let the diagonals meet at M. M is the midpoint of BD, so M is (1,1). 
‘As M is also the midpoint of AC, therefore C is (5,0). 
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Example 20 


The line 2x + 3y = 6 meets the y-axis at A and the x-axis at B. C is the point such that 
AB = BC. CD is drawn perpendicular to AC 10 meet the line through A parallel to 
Sxty=7atD. 

(a) Find the coordinates of A, B and C. 

(b) State the equations of CD and AD, and hence find the coordinates of D. 

(c) Calculate the area of the triangle ACD. 






2x+3y*6 
Fig. 1.25 








D 
(a) The line meets the y-axis where x 


It meets the x-axis where y = 
Since B is the midpoint of AC, then C must be (6,-2). 
(b) CD is perpendicular to AC. Therefore its gradient is } and it passes through C. 
Verify that the equation of CD is 3x — 2y = 22. 
AD is parallel to Sx + y = 7. Therefore its gradient is -5 and it passes through A. 
Verify that the equation of AD is Sx + y = 2. 
Solving these two equations gives x = 2 and y = -8. So the coordinates of D are 
(2,8). 
(©) As ACD is a right-angled triangle, 
its area = } x AC x DC = } x V52 x V52 = 26 units? 
ee 














Exercise 1.7 (Answers on page 607.) 
1 The line 4x — 3y = 12 meets the axes at A and B. Find the length of AB. 


2 Find the equation of the line through the point of intersection of 2x + 3y = 5 and 
3x—y = 2, and which is parallel to 4y — x = 14. 


3 Through A(2,3) two lines are drawn with gradients —1 and 2. These lines meet the line 
x~2y=5 at B and C. Find 
(a) the equations of AB and AC, 
(b) the coordinates of B and C. 


4 The lines x + 3y = 1 and 2x — Sy = -9 intersect at A. Find the equation of the line 
through A and the point (-1,-2). 


5 A line through A(S5,2) meets the line 3x + 2y = 
coordinates of B and calculate the length of AB. 


6 (a) Find the equation of the perpendicular bisector of the line joining A(~3,3) and 
* — BOL-5). 
(b) If this bisector meets the x-axis at C, find the coordinates of C. 


7 The sides of a triangle lic on the lines y = -1, 2x + y = | and 4x — 3y = -13. Find the 
coordinates of the vertices and show that the triangle is isosceles. 


8 The intersections of the lines 5x + 6y = 36, x-2y=4 and 7x + 2y = 12 are the vertices 
of a triangle. 
(a) Find the coordinates of these vertices. 
(b) Obtain the equation of the altitude drawn to the longest side. 


9 OABC is a parallelogram where O is the origin and B is the point (5,7). C lies on the 
line x ~ 2y = 0 and A lies on the line 2x ~ y = 0, Calculate the coordinates of A and C. 


10 The sides of a triangle lie on the lines y = 1, x + y = 6 and 3x —y = 2. 
(a) Calculate the coordinates of the vertices of the triangle. 
(b) Find the equations of the three altitudes. 
(c)_ Show that these altitudes intersect at a point and find the coordinates of this point. 


11 A@3,1) and B(0,6) are two points. BC is perpendicular to AB and meets the x-axis at 
C. Find 





at right angles at B. Find the 











(a) the equation of BC, 
(b) the coordinates of C, 
(©) the area of triangle ABC. 


12. The diagonals of a rhombus meet at the point (1,5) and one of them is parallel to the 
line 2x - Sy = 3. 
(a) Find the equations of the diagonals. 
(b) If two of the vertices of the rhombus are (—3,10) and (9,9), find the coordinates 
of the other two. 


13 Ais the point (~1,6). Lines are drawn through A with gradients 3 and -2, meeting the 
x-axis at B and C respectively. BD is perpendicular to AB and CD is perpendicular to 
AC. 

(a) Find the coordinates of B and C. 
(b) State the equations of BD and CD. 
(©) Find the coordinates of D. 

(@) Calculate the ratio BD:CD. 
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14 A(1,2) and C(5,4) are two vertices of the rectangle ABCD. AB and CD are parallel to 
the line y—x=5. 
(a) Find the equations of AB and BC. 
(b) Find the coordinates of B and D. 
(c) Hence find the area of the rectangle. 


15 ABCD is a rectangle where A is (1,3) and D is (5,5). AC lies on the line 3y = 4x + 5. 
Find 
(a) the equation of DC, 
(b) the coordinates of C, 
(©) the coordinates of B, 
(d) the area of ABCD. 


16 The point B(a,b) is the reflection of A(5,-2) in the line 2x ~ 3y = 3. 
(a) Find the equation of AB and show that 3a + 2b = II. 
(b) State the coordinates of the midpoint of AB in terms of a and b and show that 
2a - 3b =-10. 
(c) Hence find the values of a and b. 


SUMMARY 
e 





Gradient of line through (x,.y,) and (x39) is 





Parallel lines have equal gradients. 


© Three points A, B and C are collinear if the gradient of AB equals the gradient of 
BC. 


If m, and m, are the gradients of perpendicular lines, mm, =~I. If m, and m, (m, 
# 0, m, #0) are the gradients of two lines and m,m, = —I, then the lines are 
perpendicular. 





© Equation of line through (x,,y,) with gradient m is y ~y, = m(x—x,). 
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REVISION EXERCISE 1 (Answers on page 607.) 
A 


1 Find the equation of the line 
(a) through (-2,3) with gradient ~ 
(b) through the points (-3,2) and ( 
(©) through (-1,-1) perpendicular to the line 3x — 








2 A and B are the points (-2,~1) and (4,1) respectively. BC is perpendicular to AB. 
(a) Find the equation of BC. 
(b) If the gradient of AC is 1, find the equation of AC and the coordinates of C. 
(©) Hence find the area of triangle ABC. 


3 A(-1,1) and B(3,4) are two vertices of triangle ABC. If the area of the triangle is 15 
units’, find the distance of C from AB. 


4 The line y = 2x + 3 intersects the y-axis at A. The points B and C on this line are such 
that AB = BC. The line through B perpendicular to AC passes through the point 
D(-1,6). Find 
(a) the equation of BD, 

(b) the coordinates of B, 
(c) the coordinates of C. (c) 


5 (a) The line $- ¥ = 1 meets the axes at A and B. Find the coordinates of the 
midpoint of AB and the length of AB. 
(b) A circle is drawn with its centre at the origin. If the point P(4,3) lies on this circle, 
find the equation of the tangent to the circle at P. 


6 Fig. 1.26 shows a triangle ABC with A(1,1) and B(-1,4). The gradients of AB, AC 
and BC are 3m, 3m and m respectively. ¥ 
(a) Find the value of m. c 
(b) Find the coordinates of C. 
(©) Show that AC = 2AB. © 


B 
(1.4) 


A(A.1) 





Fig. 1.26 
7 A(-3.4) and C(4,-10) are opposite vertices of the parallelogram ABCD. 
The gradients of the sides AB and BC are ~ } and 3 respectively. Find 
(a) the equations of AB and BC, 
(b) the coordinates of B and D. 


8 Three points have coordinates A(1,~3), B(5,5) and C(5,9). Find the equation of the 
perpendicular bisector of (a) AB, (b) BC. Hence find the coordinates of the point 
equidistant from A, B and C. «© 





9 (a) Find the equation of the perpendicular bisector of AB, given that A is (2,7) and 

Bis (6, 

(b) The bisector meets the y-axis at C. Find the coordinates of C and the area of 
triangle ABC. 


10 A(0,6), B(1,3) and C(4,6) are three points. D is the foot of the perpendicular from A 
to BC. Find 
(a) the coordinates of D, 
(b) the length of AD. 





W 


Fig. 1.27 





In Fig. 1.27, ABCD is a rectangle, and A and B are the points (4,2) and (2,8) 
respectively. Given that the equation of AC is y = x ~ 2, find 

(a) the equation of BC, 

(b) the coordinates of C, 

(©) the coordinates of D, 

(d) the area of the rectangle ABCD. © 


12 Two points have coordinates A(1,3) and C(7,7). Find the equation of the perpendicu- 
lar bisector of AC. 
Bis the point on the y-axis equidistant from A and C and ABCD is a rhombus. Find 
the coordinates of B and D. 
‘Show the area of the rhombus is 52 units? and hence calculate the perpendicular 


distance of A from BC. © 
(5,1) 
13 
D 
8B 
parallel to 
ACH) ye Rene 


ABCD is a parallelogram, lettered anticlockwise, such that A and C are the points 
(1,5) and (5,1) respectively. Find the coordinates of the midpoint of AC. 

Given that BD is parallel to the line whose equation is y + 5x = 2, find the equation 
of BD. 

Given that BC is perpendicular to AC, find the equation of BC. Calculate (i) the 
coordinates of B, (ii) the coordinates of D, (iii) the area of ABCD. © 
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14 A(-2,2) and C(4,-1) are opposite vertices of a parallelogram ABCD whose sides are 
parallel to the lines x = 0 and 3y = x. 
(a) Find the coordinates of B and D. 
(b) If P and Q are the feet of the perpendiculars from D and B respectively to AC, 
find the coordinates of P and Q and show that PQ = 3 AC. 


15 Fig. 1.28 shows a quadrilateral ABCD in which A is (2,8) and B is (8,6). The point C 
lies on the perpendicular bisector of AB and the point D lies on the y-axis. The 
equation of BC is 3y = 4x - 14 and angle DAB = 90°. Find 
(a) the equation of AD, 

(b) the coordinates of D, 

(©) the equation of the perpendicular bisector of AB, 

(d) the coordinates of C. 

‘Show that the area of triangle ADC is 10 units* and find the area of the quadrilateral 
ABCD. ©) 





Fig. 1.28 


16 The line x + y= 3 meets the y-axis at A and the x-axis at B. AC is perpendicular to AB 
and the equation of BC is y = 3x-9. 
(@) Find the equation of AC and the coordinates of C. AD is parallel to CB where D 
lies on the x-axis. 
(b) Find the coordinates of D. 
(©) Hence find the area of the trapezium ACBD. 


17 Fig. 1.29 shows the quadrilateral OABC. The coordinates of A are (K,2k) where 
k> 0, and the length of OA is 80 units. 
(@) Calculate the value of k. 
AB is perpendicular to OA and B lies on the y-axis. 
(b) Find the equation of AB and the coordinates of B. 
‘The point C lies on the line through O parallel to y + 3x = 5 and also on the 
perpendicular bisector of AB. 
(©) Calculate the coordinates of C. 
Calculate the area of the quadrilateral OABC. © 





18 The vertices of a triangle are (~3,5), (4,-2) and (6,2). 
(a) Find the equations of the perpendicular bisectors of the sides. 
(b) Show that they meet at the same point and find the coordinates of this point. 
(©) Find the radius of the circle passing through the vertices. 


19 A and B are the points (2,4) and (4,0) respectively. 
(a) Find the equation of the perpendicular bisector of AB. 
(b) The bisector meets the line through B parallel to the y-axis at C. Find the 
coordinates of C. 


(c) Calculate the radius of the circle which passes through A and touches the 
x-axis at B. 


20 The sides AB, BC and CA lie on the lines 2y = x - 4, x + y = 5, and y = mx respect- 
ively. If the origin O is the midpoint of AC, find the value of m. 


B 


21 A(h,k) lies on the line y + 3x = —10. B lies on the line x + y = 4. If the origin is the 
midpoint of AB, find the value of h and of k. 


22 A(1,5) lies on the line y = 2x + 3. P lies on the perpendicular to that line through A. 
(a) Show that the coordinates of P can be written as (11 - 2a,a). 
(b) If OP = V34, where O is the origin, find the possible values of a. 


23 A line with gradient m passes through the point P(3,2) and meets the y-axis at A. A 
line perpendicular to the first also passes through P and meets the x-axis at B. 
(a) Express the coordinates of A and B in terms of m. 
(b) If AB = V65, find the possible values of m. 
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24 P and Q are the points of intersection of the line 3 + 7 = I with the x- and y-axes 


respectively. The gradient of QR is 4 and R is the point whose x-coordinate is 2, 
where 1 is positive. Express the y-coordinate of R in terms of ¢ and evaluate ¢ given 
that the area of triangle PQR is 21 units. © 
25 A line through (3,1) has gradient m (> +), It meets the x-axis at A and the y-axis at 
B. From A and B, perpenicularsto the line are drawn to meet the y-axis at C and the 
x-axis at D respectively. Show that the gradient of CD is 35. 
26 A(x,,y,), B(x), Clx,y,) and D(x,.y,) are the vertices of a parallelogram ABCD. 
(a) Show that x, +x, =x, +x, and y, #y,=, + yy 
(b) If ABCD is a rhombus show that (x, ~ x,)(x, —x,) + (¥, - yO -y,) = 0. 


(©) If however ABCD is a rectangle show that x,x, + y,), = x2, + 94) 
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Simultaneous 
Equations 





Two linear equations, say 3x + 4y = -5 and 2x ~ 3y = 8, can be solved to find values of 
xand y which satisfy both equations simultaneously. As we have seen, this solution gives 
the coordinates of the point of intersection of the two lines represented by the equations. 

In this Chapter we consider two simultaneous equations where one of them is not a 
linear equation but is an equation of the second degree such as xy = 8 or x? + y*= 10, etc. 
‘These are the equations of curves. 





Example 1 


Solve the following equations: 

x+y=9 @ 

ya8 (ii) 

Equation (i) represents a straight line but equation (ii) is the equation of a hyperbola, 
a curve with two branches (Fig.2.1). 


xry=9 


Boy=8 


Fig.2.1 
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‘The line meets the curve at two different points (A and B) so we expect to obtain two 
solutions, giving the coordinates of A and B. 

The usual method is to eliminate one of the variables. Make one variable the subject 
of the linear equation and then substitute this in the other (non-linear) equation. This 
will lead to a quadratic equation, which can usually be solved by factorization. 
From (i), x= 9 -y. 

‘Then substituting for x in (ii), 
(9-yy=8 
ie. y -9y + 8 = 0 or (y-8)(y- 1) = 0. 
Hence y = 8 or 1. 
Now find the corresponding values of x from (i). 


When y = 8 
when y=1,x=8 


So the solutions are x = 1, y= 8 (coordinates of A) 
or.x=8, y=1 (coordinates of B). 











Example 2 
Find the coordinates of the points where the line 

2x +3y=-1 @ 
meets the curve x(x-y) (ii) 





We use the same method but the algebra will be more complicated as neither x nor y 
in (i) has a coefficient of 1. 


‘Choosing y as the subject, we obtain from (i) 


ys ge, 
Then substituting for y in (ii), 
a(x- 252!) =2 of x(321428) 





which simplifies to x(5x + 1) = 6 or Sx? +.x-6 = 0. 
Hence (5x + 6)(x ~ 1) = 0 giving x = -$ or 1. 

From (i), when x = -§,~ 2 
and when x = 1, 2+ 3y =-I so y=-I. 





+3ys-lsoy= i, 


Hence the coordinates of the two points are (~$, 75) and (1-1). 








Example 3 


Solve the equations 
(i) 
and (ii) 


What is the geometrical meaning of your answer? 





From (i), choosing x as the subject for simplicity, x = 7 - 2y. 
Then substituting for x in (ii), 

(7 -2yP - 417 - 2y) + =l y 
ic, 49 - 28y + dy? - 28 + By + y= I 
which reduces to» - 4y +4. =0 
or (y ~ 2(y- 2) =0 giving 
Then x = 3 or 3, 
We obtain two equal solutions. This means that the line is 
a tangent to the curve. It touches the curve, which is a 
circle. at the point (3,2) as shown in Fig.2.2. 











2or2. 












Example 4 


A straight line through (0,1) meets the curve x + y' ~4x~2y +4 = O at the point 
(3,1). Find the coordinates of the second point where this line meets the curve. 





First we find the equation of the straight line: 
sol s20 
TT = -0 
which gives 2x = 3y +3 orr= 223. 
Then substitute for x in the equation of the curve: 
(Eay 4 a4) - ay ea eo 


Oy! + Hv 99 
4 


Clearing the fraction, 
Oy? + 18y +9 + dy? - 24y — 24 - By + 15 =0 

and so 13y? = 14y + 1 = 0 or (13y - IXy- 1) =0. 

Hence y= 73 or y= 1. 

The corresponding values of x are then 

So the second point is (24 


ie. 





ty? 6y-6~2y +420. 








or 3. 
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Example 5 


If the line 3x — Sy = 8 meets the curve 4 4 = 4 at A and B, find the coordinates of 
the midpoint of AB. 


First remove the fractions from the equation of the curve: 


By-x=4yy @ 
From the linear equation, x = *432, 
Substituting for x in (i), 


3y— 5% = 4y(252) 


Clearing the fraction, we have 9y — 8 ~ Sy = 4y(8 + Sy) = 32y + 203? 
or 20y? + 28y +8 =0, 
ie. SP + Ty +2=0 or (Sy +2y+1)=0 











Example 6 


If the sum of two numbers is 4 and the sum of their squares minus three times their 
product is 76, find the numbers. 


Suppose the numbers are x and y. 
‘The sum of the numbers is x + y. 


Then xtys4 @ 
The (sum of the squares) — (3 X the product) is 1? + y* — 3xy. 
Then =x? +? —3xy = 76 di) 


We solve these equations. 

From (i), x=4-y 

Substituting in(i 
(4-y) +)? -3y(4—) = 76 which is then expanded. 

16 - 8y + y? + y? ~ 12y + 3y? 

or Sy 20y - 60 

Hence y? - 4y — 12 = 0 which gives (y - 6)(y + 2) = 0 and y = 6 or -2. 

Then from (i), the corresponding values of x are -2, and 6. 

Therefore the two numbers are 6 and -2. 

Arithmetically, there is only one solution. Geometrically, the line x + y = 4 meets the 

curve given by equation (ii) in two points (6,-2) and (~2,6). 

















Exercise 2.1 (Answers on page 608.) 


1 Solve the following pairs of simultaneous equations: 








(a) xty=S,xyax+3 (b) x-y=2, x9 + 2)=9 
(©) x+y=5,2+y?= 10 (@) x-2y=2,2+2y=20 
(e) 2+ 3y=5,yy-=5 () 3x-2y=7,r += 10 
(g) 3x-y=7.84ay-y¥=l (b) x43y=1,e-xy+y'=21 
i) eras 2,2-3~=1 @ 3x+ 2y= 13, 3+ 






) } .+R=3 ) F-FaL as 
(oyae~ Ba ela ci 


2 The line y =x +2 meets the curve y? = 4(2x + 1) at A and B. Find the coordinates of 
the midpoint of AB. 





3 Show that the line x + y = 6 is a tangent to the curve x + y* = 18 and find the 
coordinates of the point of contact. 


4 A line through (2,1) meets the curve x7 — 2x — y = 3 at A(-2,5) and at B. Find the 
coordinates of B. 


5 What is the relationship of the line 3x — 2y = 4 to the curve y = 





6 The perimeter of a rectangle is 22 cm and its area is 28 cm?. Find its length and 
breadth. 


7 The line through (1,6) perpendicular to the line x + y= 5 meets the curve y = 2x +4 
again at P. Find the coordinates of P. 


8 A(3,1) lies on the curve (x - 1)(y + 1) = 4. A line through A perpendicular to 
x-+2y =7 meets the curve again at B. Find the coordinates of B. 


9 The difference between two numbers is 2 and the difference of their squares is 28. 
Find the numbers. 


10 Fencing is used to make 3 sides of a rectangle: two pieces each of length a m and one 
piece of length 6 m. The total length of fencing used is 30 m and the area enclosed is 
100 m®, What are the values of a and 6? 


11 The line x — y = 7 meets the curve x* + y* — x = 21 at A and B. Find the coordinates 
of the midpoint of AB. 


12 The line through (-3,8) parallel to y = 2x ~ 3 meets the curve (x + 3)(y ~2) = 8 at A 
and B. Find the coordinates of the midpoint of AB. 
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SUMMARY 


© To solve simultaneous equations, one linear, the other of the second degree: 
(a) make one of the variables the subject of the linear equation, 
(b) substitute in the second degree equation, 
(©). simplify and then solve the quadratic equation obtained, 
(d) find the corresponding values of the second variable. 
If two equal solutions are obtained, the line is a tangent to the curve given by 
the second degree equation. 


REVISION EXERCISE 2 (Answers on page 608.) 
A 
1 Solve the simultaneous equations 4x — 3y = 11 and 16x° — 3)? = 61. 


2 The line y~ 2x ~8 = 0 meets the curve y? + 8x = 0 at A and B, Find the coordinates 
of the midpoint of AB. © 


3 A straight line through the point (0,-3) intersects the curve x? + y? - 27x +41 =O at 
(2,3). Calculate the coordinates of the point at which the line again meets the curve, 


© 
4 Calculate the coordinates of the points of intersection of the straight line 2x + 3y = 10 
and the curve 3 +} =5. (© 


5 Solve the simultaneous equations 2x + 3y = 6 and (2x + 1)? + 6(y- 2)? = 49. (C) 


6 The perimeter of the shape shown in Fig.2.3 is 90 cm and the area enclosed is 
300 cm?, All comers are right-angled. Find the values of x and y. 








Fig.2.3 


7 The point A(0,p) lies on the curve y = (x 2)*. A line through A perpendicular to 
y =x +3 meets the curve again at B. Find 
(a) the value of p, 
(b) the coordinates of B. 
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8 Two quantities u and v are connected by the equation u + 2v = 7. A third quantity P, 
is given by P = u(v - 3). Find the values of u and v when P = -3. 

9 The hypotenuse of a right-angled triangle is (2y ~ 1) cm long. The other two sides are 
x cm and (y + 5) cm in length. If the perimeter of the triangle is 30 cm, find the 
possible values of x and y. 


10 Solve the simultaneous equations 2x + 4y = 9 and 4x? + 16y* = 20x + 4y- 19. (C) 


B 

11 Solve the simultaneous equations 3x — 2y = 11 and x? + xy +)?=7. 

12 AG3,4) jad B(7,8) are two points. P(a,b) is equidistant from A and B such that 
= V26. 


(a) Show that a + b= 11. 
(b) Find the values of a and 6. 


13 In Fig.2.4, ABE is an isosceles triangle and BCDE is a rectangle. The total length 
round ABCDEA is 22 cm and the area enclosed is 30 cm*. 
(a) State the distance of A from BE in terms of x. 
(b) Find the possible values of x and y. 





A 
5x SF 
8 E 
y y 
Fig2.4 6 7 
x 


14 Solve the simultaneous equations x + y=6and 74; = 3+ 4. 


15 The point P(a,b) lies on the line through A(~1,-2) and B(3,0) and PA = V125. Find 
the values of a and b. 
16 A circle has centre (4,2) and radius V5 units. P(x,y) is any point on the circumference. 
(a) Show that 7 + y? - 8x -— 4y + 15 =0. 
(b) Fipd the coordinates of the ends of the diameter which, when extended, passes 
through the origin. 
(c) Find the coordinates of the ends of the perpendicular diameter. 
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Functions 


RELATIONS AND FUNCTIONS 


A relation links the members of two sets together. Relations can be of many kinds, e.g. 
“is the father of”, “is a divisor of”, “is the same age as”, “is the square of” etc. Fig. 3.1 
illustrates the relation “is the father of” linking the set of men {A, B, C, D) and the set 
of children {p, q,r, 5, t, u, v}. An arrow identifies the relation between a father and child. 
The diagram shows that A has two children (p and q), B has I child (1), C has 3 children 
(r, § and u) and D 1 child (v). So 2 arrows leave from A, 1 from B, 3 from C and 1 
from D. 








Men Children 


Fig. 3.1 is the father of, 


In our work the relation will usually be some mathematical operation. Fig. 3.2 shows 
the relation “y = 1 +.°” where the starting values (the inputs) are chosen values of x. 
These are linked to the values of y produced by the relation (the outputs), i.e. the set 
(1, 2, 5, 26). 





Fig. 3.2 vated 

Note that only ONE arrow leaves each input, unlike the relation in Fig. 3.1. In Fig. 3.2 
each input produces a unique output. This is a special type of relation called a function, 
‘one of the most important concepts in Mathematics. The relation in Fig. 3.1 is NOT a 
function. 
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In Fig. 3.3, each member of set A is squared to produce the set of outputs B. As each input 





Fig. 3.3 


juare the input”, So, if. is the 





has a unique square, Fig. 3.3 illustrates a function ff 
input, the output is x*. 

A function is also called a mapping and we say that x is mapped onto x by the function 
f. We symbolize this as 


t2—— se 


Read this as ‘f is the function which maps x onto x7*. 

f operates on the input x to produce x° so we write f(x) =.x°. Hence the image of 2 is f(2) 
= 4. The image of -3 is f(-3) = (-3' = 9. The image of a is f(a) = a? and so on. What 
is the image of 5? What is f(6), f(—x) and (2x)? If f(x) = 49, what is the value of x? 
Now look at the relation illustrated in Fig. 3.4(a). 














ser 


Fig. 3.4 (a) (b) 


Is this a function? As you can see, each input has two outputs (2 arrows from each input). 
So this operation (taking the square root, x +—* Vx) is NOT a function. It does not 
produce a unique image asx has 2 square roots +x and — x. 


However, if we defined ¥ to mean the positive root only, then f(x) = + Vx would be a 
function (Fig. 3.4(b)). 
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Summarizing, 
+ a function f is a process or operation which takes an input x and maps it onto a unique 
‘output f(x), the image of 1; 


° fx — fQ); 


* to define f, we write, for example, f(x) =.7 or f(x) = +x or f(x) = sin x etc. 


f and x are the usual letters for the function and the input respectively, but other letters 
can be used ¢.g. F(x), g(x) or A(r), etc. 

‘A function need not be defined algebraically. It may be stated in words, such as the 
function ‘Y is the father of x°, or given in the form of a table such as a table of sines. 


Example 1 
A function f is given by f : x p—» xx +1. Find 

(a) £(2), (b) f(-3), (c) the image of -2, (d) f(r), (e) 3 bh 
fa) =-x41 

(a) (2)=2-2+1=3 

(©) 13) =(3F- 3) +1 = 13 

(c) The image of -2 is f(-2) = (-2? - (-2) +1 =7. 


@) f)=P-r+1 
Endres 


© ()=G¥-G)+t= 3 


Example 2 
The function h is given by h(x) = 4*4.,x#1. Find 
(a) h(2), (b) WS ), (c) hx + 1) 

(a) hQ)= 34} =3 


1) = a 
&) hQ)= T= 
(©) bert t= 244+) = 22 20 
Note: A function may not produce an image for certain values of the input. In this 
example,x# 1. Ifx=1,h(1)= j=} which is impossible as division by zero is 
undefined. Hence 1 has no image under this function. 
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Example 3 
F(x) = x + x— 1. If F(x) = 5, find the values of x. 


F(x) = 5 is the equation x? + x -1 = 5 i.e. x7 + x— 6 = 0 which we can solve for the 
values of x. 


e+x-6=0 
(x +3)x-2)=0 


Hence x = -3 or x = 2, 
‘These are the two values of x which have an image of 5. 
‘Check by finding F(—3) and F(2). 





DOMAIN AND RANGE 


‘There are special names for the sets of inputs and outputs. The set of inputs is called the 
domain and the set of outputs the range. 

Fig. 3.5 shows the domain and range for the function f(x) = (1 - x)*. The domain is the 
set (-1, 0, 2, 4) and the range is the set {1, 4, 9). 





x 
Ps 
[> 
Fig. 3.5 


The domain can be any set of numbers which have images. It could be just a few 
selected numbers or all positive numbers or all real numbers, etc. If it is not specified it 
is taken to be all real numbers. However, as we saw in Example 2, some numbers may 
have no image and these must be stated. They are excluded from the domain. 


Example 4 
State the domain for the function f(x) = 4. 


Every real number will have an image under this function except x = 0. So the domain 
will be (all real values of x, x #0). 


This is often briefly stated as f(x) = 1, x #0. 





4B 





Example 5 
State the domain for {(x) = Vx (positive root). 


Every positive number and 0 will have a square root but negative numbers will not. 
‘These must be excluded. So the domain is {all positive numbers and 0} or just x 2 0, 





Example 6 
What values of x must be excluded from the domain of the function 
fey= at? 


This function will always produce an image except when x? + x-2=0 or 
(+ 2) (x- 1) = O i.e. when x = -2 or x= 1. 


‘These values must be excluded from the domain. 
Hence the domain is {all real values of x, x #-2 or 1} 





Exercise 3.1 (Answers on page 608.) 

1 For each of the following functions, find the images of -3. -1, 0, 1, 2, 4: 
(a) fly =e -x-5 () gi) =(e +1 
©) ha) = d) FOX) = (+ Ir - 2) 

2 What value of x must be excluded from the domain of the function in Question 1 
part (c)? 

3 State the values of x which must be excluded from the domains of the following 
functions: 











(@) fix) (b) gtx) = 3% 
() h(x) @ Fay=3- 2, 


4 fis the function “square x and add 2. 
(a) Write f in the form f(x) = ... 
(b) Find f(1), f(-1), (0). 
(©) If f(x) = 27, find the values of x. 
5 Fis the function ‘add 2 to x and then square’. 
(a) Write F in the form F(x) = ... 
(b) Find F(1), F(-1), FO). - 
(c) If F(x) = 25, find the values of x. 
(@) IS this the same function as f in Question 4? 
6 If f(x) = 3x + 2, what is the value of x which is mapped onto 8? 


7 A function such as f(x) = 5 is a constant function. State the values of f(0), f(-1) and 
(5). 








8 The function E, where E(x) = 2', is an exponential function. 
(a) Find the values of E(1), E(2) and E(5). 
(b) If E(x) = 16, state the value of x. 
9 fix) = 43 
(a) What value of x must be excluded from the domain of this function? 
(b) Find the positive value of x for which f(x) = x. 
x+3 


10 If f(x) = <-->. find the values of x for which f(x) = 2x to 2 decimal places. 


11 Given that g(x) = 7 - 4x ~ 6 solve the equation g(x) = x. 





12 Given that f(x) = ° - 4x + 1 solve the equations 
(a) f(x) =x-3, (b) f(2x) = 13. 





13 For the linear function f(x) = ax + b, where a and b are constants, f(-2) = 7 and 
(2) = -1. Find the values of a and 6. 


14 f(x) = ax + bx +c, where a, b and c are constants. If f(0) = 7, what is the value of c? 
Given also that f(1) = 6 and f(~1) = 12, find the value of a and of b. 


15 For the function f(x) = px? + gx + r, where p, q and r are constants, f(0) = 4, f(-1) = 
8 and f(-2) = 18. Find the values of p, g and r. 


16 F(x) = x - 2x. What values of x have an image of 15? 
17 The function h is given by h(t) = 7t — 2°. Find the values of ¢ whose image is 5. 


18 fo) = 1, 
(a) Find (2) and {(). 
(b) Find x if f(x) = 0. 
(c) What values of x must be excluded from the domain? 
19 The number of diagonals in a polygon with n sides is given by the function D(n) 


nin = 3) 


(a) State the domain of this function. 
(b) Find the number of diagonals in polygons with 4, 5 and 10 sides. 
(c) If D(n) = 20, find the value of n. 


20 The domain for the function f(x) = 2x7 + 1 is {-2,-1, 0, 1, 2]. 
Find the range. 


21. The domain of the function f(x) = 2+" is (0, 2, 4}. 
Find the range of the function. 


22 If the-range for the function g(x) = x - 2 is {-2, -1, 7}, find the domain. 
23 The range of the function f(x) = 1 -— 2 is {-1, 2, 4). Find the domain. 





24 Sis the function Sxx +—» sin x°, 0 < x < 180. 
(a) Find (correct to 2 decimal places) $(30), $(50), $(120). 
(b) If S(x*) = 1, what is the value of x? 
(c) State the range of S. 
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25 Functions f and g are given as f(x) = x? — x and g(x) = 2x3. 
(a) Find £(0), f(-1), g(0) and g(-1). 
(b) If f(z) + a) 
(©) If f() + g(-p) = |, find p. 
(@) If f(z) = g@) + 1, find z. 


26 Given that f(x) = x° — 3x + 6 and that g(x) = x + 6, solve the equations 
(a) f(x) = 2g(), (b) f(x) = g(2x), (c) f(2x) = g@) - 3. 


27 If f(x) = *4, , find the value of k (other than k = 1) such that f(k) = f(1). 


28 Given the function f(x) = x7 — 3x — 2, express f(2a) — f(a) in its simplest form in terms 
of a. 








29 fx tp—e P-x+3 
Find f(p), f(-2p) and f(p — 1) in their simplest forms. 

30 If f(x) = 3x + 1, find f(a), (b) and f(a + b). 

Is f(a + b) = f(a) + (6)? 

31 If f(x) = 2 + x — 3, find f(x + h) where A is a constant. 
Hence express “¢+4=") in its simplest form. 

32 If f(-x) = f(2), f is called an even function, but if f(-x) = -f(x), f is called an odd 
function. Which of the following functions are even, which are odd and which are 
neither? 

(a) 2x (b) 32 © © 
@) t-x © $0 © x-}@#0) 


GRAPHICAL REPRESENTATION OF FUNCTIONS 


A simple way of illustrating a function graphically is to use two parallel number lines, 
one for values of the domain, the other for the range. Fig. 3.6 shows the function 


f(x) =x-2,x=-1, 0, 1, 2, 3, 4. An arrowed line joins x in the domain to f(x) in the range. 
-1 oO 1 2 3 4 

eas ae 

——_—SS 
-3 2 -1 oO 1 2 3 4 


Fig. 3.6 range {(x) 


Example 7 


Illustrate the function f(x) = 2 - x +2 on two number lines for the domain 
{-2,-1,0, 1, 2, 3}. 


Verify that the range is {2, 4, 8). Fig. 3.7 shows the result. 


2-1 


2 4 


domain 


range 





‘This method is only suitable if the domain consists of a few values. If the domain 
was all real numbers for example, it would be impossible to show all the arrowed lines. 
Furthermore, the pattern of the arrowed lines gives no idea of the type of function. 


A far better method is to use a Cartesian graph, with which you are already familiar. 
Here we use two perpendicular lines, the x-axis and the y-axis (Fig. 3.8). Values of the 
domain are placed on the x-axis and the range on the y-axis. Then x and its image f(x) give 
the coordinates (x,y) of a point. If sufficient points are plotted and joined up, we have the 
graph of the function. y = f(x) is the Cartesian equation of the curve. 





Fig. 3.8 


Using this method of representing a function, we find that the graphs of various 
kinds of functions have characteristic shapes. Hence functions can be recognized from 
their graphs. 
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Common Functions And Their Graphs 


Fig. 3.9 shows the graphs of some common functions. 


y ¥ 
0} o ‘ 
(b) Two quadratic 
(a) Linear function functions 
y, y 
x 
x 
9 (@) Sine 
(© & 
Fig. 3.8 Beret function 


(a) isa linear function such as y = -3x + 4. 

(b) shows two quadratic functions such as y = 2 — x + 4 (upper graph) and 
ys2-x-¥, 

(©) is an exponential function such as 2°. 

(@) is the graph of y = sin x (see Chapter 7). 


Example 8 
Which of the graphs in Fig. 3.10 is the graph of a function? 


CIN 
NY 








(2) 
(0) 


e) 





Fiy. 3.10 


For a function, each value of x in the domain must give just one and only one value of 
‘y. If there is more than one value of y for the same value of x in the domain, the graph 
does not represent a function. 


(a) is not the graph of a function, as there are 2 values of y for each value of x. 

(b) is the graph of a function. 

(©) is the graph of a constant function y = 3. The domain is the set of all real numbers 
but the range is just 3. 

(d) is the graph of a function provided x = 0 is excluded from the domain. 

(e) is the graph of a function for the domain {~ .0,1,2). The graph consists only 
of the points marked and these must not be joined up. The range is {2,1,0,-1). 
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GRAPHS OF TRANSFORMED FUNCTIONS 


Example 9 

Fig. 3.11 shows part of the graph of a function y = {(x). Sketch the corresponding 
Parts of the functions (a) y, = -£(x), (b) y, = {(-x), (c) y, = 2 + f(x), (d) y, = 3 - f(x), 
(e) ¥, = flix + 1), DY, = flx-2). 


y 


Fig. 3.19 


(a) For each value of x, y, =-y. So the graph of of y, is the reflection of y = f(x) in 
the x-axis (Fig. 3.12(a)). 
Points where y = f(x) meets the x-axis are unchanged. 


Fig. 3.12(a) 





(&) When x = a, y= f(a) and y, = f(-2). 
Now f(-a) is the value of y when For example when x = 
is the same as the value of y when x = -2 


So the graph of y is reflected in the y-axis to produce the graph of y, (Fig. 3.12(b)). 
Points where y = f(x) meets the y-axis will be unchanged. 









, the value of y, 








Fig. 3.12(b) 


(©) Here 2 is added to each value of y. 
So the original graph is shifted upwards through 2 units (Fig. 3.12(c)). 








Fig. 3.12(c) 





SI 





(d) y,=3-f) =3 + Cy) =3+y, 
So the graph of y, is shifted upwards through 3 units to obtain the graph of y, 
(Fig. 3.12(a)). 





Fig. 3.12(d) 





is the value of y when x = 4. 
All the values of y have been shifted 1 unit to the left to obtain y, (Fig. 3.12(e)). 








Fig. 3.12(¢) 
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(f) You will be able to work out that y, is the original curve shifted 2 units to the 
right (Fig. 3.12(). 








Fig. 3.12() 





It would be useful to summarize such transformations of the graph of a function 

y= fe). 

+ y= f(x) is the reflection in the x-axis. 

+ y= f(x) is the reflection in the y-axis. 

* y =a + f(x) shifts the graph through @ units upwards if a is positive, and 
downwards if a is negative. 

+ y= f(x + a) shifts the graph through a units to the left if @ is positive, but to the 
right if a is negative. 








Exercise 3.2 (Answers on page 609.) 
1 Which of the following are graphs of functions? 


y y 


(a) fe 





Fig. 3.13 
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2 Each of the diagrams in Fig. 3.14 shows part of the graph of a function f(x). Copy each 
diagram and sketch the corresponding parts of 

i ii) y, = f-1) 

(iv) y= 1+ ft 1) 








(a) 





Fig. 3.14 © 


3 On another copy of the diagrams 
in Fig. 3.14, sketch the corresponding 
parts of 
Gi) ¥4= fx ~ 2) 





4 Fig. 3.15 shows part of the graph of 
y= f(x) with three graphs denved 
from it. State y,, y, and y, in terms 
of f(x). 





Fig. 3.15 


5 The domain of a function f(x) is -1 to 4 inclusive. What would be the corresponding 
domain for the following? 
(b) y, = f(x - 2) 





6 The range of the function y = f(x) is 0 to 5 inclusive. What is the corresponding range 
for the following? 
(a) y, =f) () y, = 1+ fx) 
(c) y, = f(x -3) (d) y, = f(x) -3 


THE MODULUS OF A FUNCTION 


If y=x, the values of y are negative when x is negative. They can be converted to positive 
values by using the modulus y = |.x|, read as ‘y = mod x’. |.x| gives the numerical or 
absolute value of x. For example |-3.5| = 3.5. It does not alter 0 or any positive number: 
lol =0, 12] =2etc. |x| is never negative. 





So we define the modulus of x as 





Similarly the modulus of a function f(x) written | f(x)| is the numerical value of f(x). 





Example 10 
State the values of | 1 - x [for x =-3, 2.4. 
When x =-3, |1-x| = [143] =4. 


Whenx=4, [1-x] =|1-4 





f(x) = 2 x -6. Find the values of |f(x) | for x =-I, 0, 2, 4. 
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Example 12 
What is the least value of x if |2x 3 | = 2x - 3? 


| 2x3 | will be equal to 2x ~ 3 if 2x — 3 is 0 or greater than 0, Hence the least value 
of x will be when 2x — 3 = 0, ie. when x = 1!. 











Example 13 

Draw the graph of y = |x -1 | for the domain -2 < x < 3 and state the range of y. 
~2.S.x $3 means that x can take any value between -2 and 3 (inclusive). 

We make a table for the integer values of x: 




















Plotting the points given by x and y, the graph is seen to consist of the two lines AB 
and AC (Fig. 3.16). The range is 0< y <3. 





Fig. 3.16 
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However, if we extend BA to D (shown dotted) where D is (~2, -3) we see that the part 
‘AC is the reflection of AD in the x-axis. So a quicker method of drawing the graph is 
to draw y =.x~ 1 for the given domain first and then reflect any negative part in the 
aeaxis, 





To draw a graph of the type y = | f(x) |, draw y = f(x) first and 
then reflect any negative part in the x-axis. 


Example 14 


Draw the graph of y = [2 ~x | for the domain ~1 <x <3 and state the range of y. 
Draw the line y = 2 ~ x first (Fig. 3.17). (The negative part is dotted). 


Fig. 3.17 


‘Then reflect the negative part in the x-axis. 
The graph consists of two lines meeting on the x-axis where x = 2. 
The range is OS y $3. 





MODULAR INEQUALITIES 


Suppose we know that | x | > 3. Suggest some values that x could take to satisty the 
inequality. 

From the definition of a modulus, | x | > 3 means that either x > 3 or =x > 3. =x >3 
means that x < -3 (dividing by -1 and reversing the inequality sign). So the range of x is 
x <-3 or x> 3. We can show the range on a number line: 


_ 
3 3 x 
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x must lie on the thick lined parts. o means this value is excluded. 


So if | x | >k thenx <-korx>k. 


Next suppose | x | <3. Then x <3 or —x <3 ive. x >—3. Hence x lies between ~3 and 3 
(not inclusive) and we write -3 < x < 3. 
3 3 


On a number line we have o_o —_—_— 
x 


So if |x | <kthen-k<x<k. 


These rules apply also to linear and quadratic functions. 





Example 15 

Find and show on a number line, the range of values of x if (a) /x +1 /> 4, 
(b) {1 - 2x /S5. 

(a) From the above, if |x + 1 | > 4 then x + 1 <—4 or x +1 > 4. Hence 


x<-Sorx>3. 





5 3 x 
(b) If | 1 - 2x | <5 then -5 < 1 - 2x < 5. Taking each part, -5 < 1 - 2x gives 
6 $~2x or 32x ie. x <3; 1-2eS5 gives I< 4 ie. x>-2. 
So-2<x<3 <= 
2 3 x 


In this case the @ means the value is included (due to the S sign) 











Exercise 3.3 (Answers on page 610.) 


1 State the values of 
(a) |-6| (o) I-51 (©) [cos 120°] d) |} - | 


2. By testing with x = -3, 0, 2 verify that | 1—x|=|x-1]. 
3. What is the least value of x for which | 2x— 1 | = 2-1? 
4 For what domain will the graph of y= | 3—x | be the same as the graph of y = 
5 Find and show on a number line the range of values of x which satisfy the inequalities: 
(a) | 2x-3|>5 © [A <4 
© |® @ |1-3]<3 


“nv 
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6 For the domain ~3 <x < 4, draw the graphs of 
(@) y=|x| [ret] 
@) y=| 2-1] [3-x] 
7 State the range for each of the functions in Question 6. 
8 Using the graph you have drawn for part (a) in Question 6, add the graph of y=—| x |. 
3x | and y = [x3 | for 
[x3]. 








9 On the same piece of graph paper, draw the graphs of y = 
the domain -2 $.x $3. Hence solve the equation | 3x | 





10 By drawing two graphs, solve the equation |x ~ 1] =| 2r-5. 
(Take 0 $x $7 as domain). 

11 The range of the function 
the widest possible domain? 

12. The domain of the function y = | 2x ~ 3 | ends where x = 2. If the upper limit of the 
range is 7, what is the least value of the domain? 


13 Draw the graph of y = | x- 1 | for the domain -1 < x < 2. Now add the graph of 
y=2-|.x-1 | for the same domain. State the range of this function. 


~1| is O< y <3. Find a possible domain. What is 





THE INVERSE OF A FUNCTION 


Fig. 3.18 shows the mapping of the domain {-3, 0, 1, 2) by the function 
f:x -—e 3x—2. Verify that the range is (-11, -2, 1, 4}. 








Fig. 3.18 Domain <—”2— Range 


Is there a function that will map the range back to the domain? 
‘The function f in Fig.3.18 mapped x onto y where y= 3x2. Now we wish to start with 


y and retum to x. If 3x—2= y, then. = +42, 








So this new function will map y onto +42, 
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Testing this with y =-11, we get =! i’ 2 =~3 which is the original value of x. Check the 
other values. 

Such a function, if it exists, is called the inverse function of f and is written as f!. 
(Read this as ‘inverse (.) It is usual to take x as the ‘starting’ letter so we have 
Pixie 22, 

Summarizing, 
function fx -—» 3x —2 and inverse F!2x +» 442, 
It then follows that the inverse of fis f. 





Example 16 
Find the inverse function to f:x »}—» *54. 


f maps x onto y where y 





Make x the subject of this equation. 
453 =ysox—3=2y and x=2y +3, 

Hence fz y +» 2y +3. 

Changing to the usual letter x, fx -——» 2x +3. 

Suppose ~4 was a value in the original domain. Then f will map this onto 3}. f+ will 
now map this value onto 2(-3} ) + 3 =—4, which is the original value. Repeat this check 
with other values of x, say 0, I and 5. 








Example 17 
Given the function £ : x »}—» 


(a) find the value of p if (5) 
(b) find § in a similar form, 
(c) state the value of x for which f* is undefined. 


2 Ste ash 
(a) (y= 2 = 15 
Then 5 +p= 


xt ‘ 
+f (x #3), where p is a constant, 











x-2 
“x-3 
or yx ~ 3y =x — 2, and x(y- 1) = 3y-2. 
jy-2 


Hence x= 2=2, 





ben2 
x1" 


(©) fis undefined for x = 1. (This means that there is no value of x in the original 
domain which had an image of 1. So 1 does not exist in the range and therefore 
cannot be used). 


‘Therefore f' :.x }-—e 














Example 18 

Find the inverse of f:x ;——-» 3 -x. 
f maps x onto y where y = 3 ~ x. 

Sox = 3~y and the inverse function will be f! :x }—» 3 —x, which is the same 
function as f. 

Check this by taking x = 3, -1 and 5. 
Such a function f is called self-inverse, i 








it is its own inverse. 











Functions With No Inverse 
Some functions do not have an inverse. Take the function f : x +—» x (Fig. 3.19). 


x y 





Fig: 3.19 


‘Two arrows arrive at | in the range. An inverse would have two paths to return from 1 10 
the domain and so could not be a function. There is no inverse function. 

An inverse function can only exist if the original function is a one-to-one function. 
(Fig. 3.20(a)), ice. there is only one arrow reaching each member of the range. There will 
be no inverse if the function is a many-to-one function (Fig. 3.20(b)), i.e. more than one 
arrow reaches some members of the domain. 


one tore many-to-one 


p< 





Fig. 3.20 
has inverse no inverse 


‘The inverse function f"' exists only if f is one-to-one, 
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Graphical Illustration of an Inverse Function 








‘Verify that the inverse of fsx +——» 2x-3is fix -—» 243, 
Now draw the lines 
ys2r-3 (i) 
and yet (ii 


on graph paper (Fig. 3.21). Add the line y = x (shown dotted). 


Fig. 3.21 





How do the two lines (i) and (ii) appear in relation to the line y = x? 

Consider the point where x = 4 (point A) on (i). The image of 4 from f is 5, so the 
coordinates of A are (4,5). 

Now if we take x= 5, its image in "' will be 4. This gives point A’(5,4) which lies 
on line (i 

The gradient of AA’ is -1 so AA’ is perpendicular to the line y =x and the midpoint 
of AA’ (41, 41) lies on the line y = x. Hence A and A’ are reflections of each other in the 
line y = x. 

We can repeat this for any other point. The coordinates will be interchanged by the 
inverse function, so the two points are reflections of each other. Hence lines (i) and (ii) 
are reflections of each other in the line y= x. You can also test this by folding the graph 
paper along the line y = x. 





‘The graphs of y = f(x) and y = f'(x) are reflections of each other in the line y = x. 
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Exercise 3.4 (Answers on page 611.) 


1 Find the inverses of the following functions in the same form: 








(a) fix x (b) frx He x2 
(c) f:x -—> 2-1 (d) gx -—> 3x44 
() fix -— 9-8 
(g) fx — 2-5 (hy tex + 8 2x 
@ fixr—» 5-1 r—> 8 ed) 
(k) fix > hp we e-l pe 3 +240) 
2 


(m) 
2 Which of the functions in Question 1 are self-inverse? 


(x#-2) 





+ (#3) 





Jehan ha wr 3, find f in the same form. 
4iff': 


Sf 
Aa) 


6 Given the function h zx t-——» 








1——» a — x, where a is a constant, is a self-inverse function. Given that 
= 3, find the value of a. 








(x # 4), find the value of h"(-3). 








7 Given the function g :.x -—> +} (x #-2), find gC). 


8 Given the function f :x -——= 
find (a) the value of d, (b) F'. 
‘What can be said about this function? 


=5, 





xtr 


© where r and s are constants and (4) = 6, {(-1) 
(a) the values of r and s, 

(b) the value of x for which f is undefined, 

(©) fin the same form, 

(d) the value of x for which f- is undefined. 





9 fi 





10 Fig. 3.22 shows part of the graph 
of a function y = f(x). Copy the 
diagram and sketch the graph of F*. 


Fig. 3.22 


AL On graph paper, draw the graph of f : x r—-> 3 — x. Construct the reflection of this 
graph in y =x. Explain your result. 





12 (a) Find the inverse of f:.x -—» $538. 
(b) On graph paper,draw the graph of y 853, 


(©) Construct the reflection of the graph in part (b) in y = 
graph of f. 


. Show that this is the 





x+3forx20 


13 The function f is defined as f :.x +-—» ork 3 fore <0 


Sketch the graphs of f and f. 
14 Copy Fig. 3.23 and sketch the inverse of the function y = f(x). 


yf) 


Fig. 323 


15 (a) If (x) =3-3, solve the equation f(x) = x. 
(b) Draw the graph of f(x) for 5 SxS 2. 
(c) Add a sketch of the graph of f(x) for -1 <x < 2. 


Composite Functions 
Consider the function f: x +» 2x - 3 (Fig. 3.24). 4 is mapped onto 5. 


x + 





Fig. 3.24 


Let g be another function such that g : 
We now use g on f(4) to obtain g{f(4)] 
by g Fig. 3.25). 





bert 


. So 4 has been mapped onto 6 by f followed 





——— & ————+ af» 


Can we find a single function h which combines f and g? 

x is mapped onto 2x ~ 3 by f and this is the starting value for g. So g maps 2x ~ 3 
onto (2x = 3) + 1 = 2x-2. Hence hx +— 2x2. If.x=4, the final result is 6 as 
we have seen. h is called the composite (or combined) function g[f(x)] which we write 
briefly as h = 


second—! L first 


Fig. 3.25 





Note carefully that the first function is written on the right 
Now suppose we do g first, followed by f, i.e. fg. 


xr Beret be w+ 1)-3=2r-1 


fg 
The result is different. fg is not the same function as gf. We say the combination of 


functions is not commutative, ie. the order in which they are done is important and 
cannot (in general) be interchanged. However for some values of x, fg may be equal to gf. 





NB: Take care! fg does NOT mean f x g when dealing with functions. 








Example 19 


Iff sx pe x — 3, find (a) f and (b) 
(@) y=2x-3s0x= 42 
‘Therefore f":.x +—» * 





(b) f'f means that we do f first, 
xibe 2-3 te 


So f'f:x -—e x 
ie. ff) =x 









Verify that ff"! gives the same result. 





Part (b) above is an example of an important result: 





This follows from the definition of the inverse function. f maps x onto the range giving 
f(x). f operates on f(x) to return to the original element x. So f f(x) = x. Similarly, if we 
start from the range, ff-'(x) = x. 





Example 20 
If fsx -—» ¥ and g sx -—r x ~ 1, find in a similar form, (a) fg and (b) gf. 
(a) fg is g first, f second. 
xp Bey-p ete (iy 
So the combined function fg is fg :x -—» (a - 1. 
(b) gf is f first, g second. 
aptee Ber 1 
The combined function gf is x — 1. 
Note that fg # ef. 








Example 21 
Functions f and g are defined as 
frx pe hp and g:x -—e3x-2. 


Find (a) fg, (b) gf, (c) (fgy', (d) (gtr! 
(e) For what value(s) of x is gf = fg? 


@ xrBear-2-te = et = 4 


Hence fg:x > 5 








1 
per* a. 














2 2 6-2-2 _ 4-28 
() x he Fp Be 3g) -2 = SEP? = 7 
4 


Hence gfx -—» 45% xe -1. 


(c) (fgy" is the inverse of the combined function fg. 
Now fg maps x onto y = 3,2 from (a). 





So 3xy-y=2 
ie. 3xy = y +2 giving x = =. 
Hence (fgy':x -—» 42x40. 








(d) (gf is the inverse of gf. 
Verify that (gf!:x -—» 424, x2-2. 





(©) If gf=fg, then 4=% = 525 xe-1,4. 


So 2x + 2 = (3x — 1)(4 - 2x) = Gr? + 14x — 4 o 6x? - 12 + 6 = 0. 
Then x? - 2x + 1 = 0 or (x— 1)(x- 1) = 0 giving x= 1. 
This is the only value of x for which gf = fg. 











Example 22 


Using the functions £ and g in Example 21, find f and g'. Show that (fgy' = gf", 
Suggest and test a similar result for (gf)". 
Verify that f:x-—e 2=5 and g':x-—e #42 


From (c) in Example 21, (fg)!: -—» 442, 
2-% 
asa 


gif" is given byx +, 2== pe 
Hence (fg) = gf". 

So the inverse of fg is the inverse of f followed by the inverse of g. This suggests that 
(gf)" = fg". Show that this is correct using (gf)" from Example 21. 





The results of Example 22 are true in general: 


Example 23 


Given that € :x +» <y (x #2), find in a similar form (a) f(b) f', (c) f and 
deduce an expression for f. 


(a) means ff, i.c. f done twice in succession. 


x zt x * 4 
grt. = Fo = Trea t#-2,-35 


Sox te = 


(b) f means f* followed by f. 
So (x) = f1F@)] = 


(©) fx) = f1P OO] = 





67 


Studying the patter, the numerator is always x. The denominators are 3x + 4, 7x + 8, 
15x + 16 so the next denominator will be 31x + 32. 


Pisx spin .xe-2,-$,-§,-6,-2 











Example 24 


Iff sx -—» ax +b (a > 0) and f: x + —» 9x ~ 8, find (a) the values of a and b, 
(b) P, (c) 
(d) Deduce 














(a) We first find f in terms of a and b. 
xe a+b fe alert b)+b=a'x+ab+b 
But this is 9x - 8. 
Hence a? = 9 which gives a = 3 (since a > 0) and ba + b = -8 so b = ~2. 
(b) M(x) = f1F@)] = 39x - 8) - 2 = 27x - 26 
(©) (x) = FIFO] = 99x - 8) - 8 = SLx- 80 
| (d) The patter in these results is: 
fr: Ox-8 =3'%x-(?-1) 
P: 27x-26 = 3'x- (3-1) 
ft: 8lx-80=34r-G*—1) 
so we can deduce that f* = 3°x — (3° — 1) = 243x— 242. 
Example 25 


Given f x -—-» 2x — 5. find a function g such that fg sx -—» 6x— 1. 


| Clearly g must be a linear function as no squares appear in fg. 
| Take gas x }-——e ar +b. 


Then fg sx t-—» 2Aar +b) 
But this must be identical to 6x — 
‘Then 2a = 6, giving a = 3 and 2h — 5 = ~1, giving b = 2. 
Hence g ix }— 3x42. 


= 2ax + 2b-5S. 
























Example 26 


Express in terms of the functions f sx t-—® x + 3 and g:x -——> ®, 
(a) 2 + 3, (b) 2 + 6x +9, (c) x +6, (d) 2 + 6x + 12, (e) 2 - 6x49. 


(a) This is fg. 
(b) Note that x? + 6x +9 = (x +3). fgives (x +3). g gi 
(©) Here g is not involved as there is no square. Try ff. 





s the square, So this is gf. 


(d) Note that x? + 6x + 12 = (x + 3° +3. We get (x + 3)? from gf. 
If we now use f, we obtain the result. The answer is therefore fgf (first f, then g 
and lastly f again). 

(e) x - 6x + 9 = (x - 3). Now f does not produce (x — 3) but fsx t—» x - 3, 
Hence the answer is gf''. 





Exercise 3.5 (Answers on page 613.) 





1 Using the functions f : x +» x + 2 and g : x +——» x - 3, find in the same form 
(a) fg, (b) ef, (c) ff, (d) gg. 


2 S:x t+}-—» sin x° and T: x +——» 2x are two functions. 
Find (a) ST(20), (6) TS(20). 


3 Taking f : x +» x +2 and g: x +—» 3x — 1, find (a) fg, (b) gf, (© f, 
@e, ©) fH gif. 
4 If f:x -—» x +L, find (a) F, (b) F and deduce (c) f*, (d) fF (e) 


5 Taking the function f as f:.x -—» 423, x #-2, find (a) f°, (b) P, (©) (P)". In 


each case, state the values of x which must be excluded from the domain. 


6 Iff:x}—» ¢-2and 
For what value of x is fg = 





x }-——» x + 3, find (a) fg, (b) gf. 
of? 








7 Given that g : x +» x +2 and h: x }——» x - 3, find the value of x for which 
gh =hg. 

8 For the functions f : x H—» x- 4 and g : x }—» 3x ~ 2, find similarly (a) f, 
(©) g"', (©) fe", (d) (fg). 


9 Functions f and g are defined by x +» 2x + 1 and x +» 1 - 3x respectively. 
For what value of x is fg = fg? 





10 Functions f and g are defined as f:x }+——» and g: xr—e 1 (x #0) 


respectively. Find similarly (a) fg, (b) ef, (e) fg". In each cae, state the values of 
x which must be excluded from the domain. (d) For what values of x is ¢'f = f'g"? 





11 The functions f and g are defined as f : x |» 3x+2andg:x -—» } (x#0). 
Find similar expressions for (a) fg, (b) gf, (c) f'g, (d) gf. In each case, state the 
values of x which must be excluded from the domain. 


Find the value(s) of x for which (e) fg = gf, () Fg = gf". 
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12 Given f:x H—» 1 - £, x #0, and g:x H—» 71_, x #1, find fg(x) and 
gf(x). Hence state the inverses of f and g. 


atl 


1 wed. 





13 fis the function that maps x onto 
(a) Show that f is self-inverse. 
(b) Find F. 

(©) Show that P = f. 


14 f:x + — ax + b (a, b constants) and g : x }—» 2x + 3 are two functions. 
(a) If fg = gf, find a relation between a and b. 
(b) Given that f-'(7) = -1, find the values of a and b. 


15 If f maps x onto 5— § and g maps x onto 2x + 1, show that fg and gf are both self- 
inverse. 





16 f:x > 454 re-t 
(a) Find f*, State the value of x which must be excluded from the domain. 
(b) If f(x) = -1, find the value of x. 


17 If fs) = 4¢4, x 4-2, find and P. In each case, state the values of x which must 
be excluded from the domain. Solve the equation F(x) = 1. 





18 f:.x + —» 3x + 1. Find a function g so that gf :x -—» 3x +2. 
19 If fsx | —» 2x + 3, find a function g so that fg :x +» 2x1. 


20 Express the following in terms of the functions g : x t———» x+ 2 andh: x 1» 3x. 


(a) x» 3x42 (be) xt 3x46 
(c) x -——e xt+4 (d) x -—e 3x+ 12 
(©) x1 () x 9x42 
(g) xt x-2 (a) x > 3x-6 
21 Given f: x ex +3 and g:x +} —» x? — |, state the following in terms of £ 
and g. 
(a) x P42 (b) x P+ Or 48 
(c) x —e x +6 @) x -—e + 12 +35 
(e) x P68 () xe 4 


22 Given £: x + —» Vx (positive root) and g : x + —» x + 2, express the following 
in terms of f and g: 


(a) x» Vr 42 (b) x Vr +2 
(Cc) xb xt (@) x —> Ved 
(©) x > Ve-2 () xr—e teat 
{g) x -— 4 4 (bh) x -—» x + 8x + 16 


23 Iff:x += x—3, what is the function g which makes gf : x -——» x? ~ 6x + 10? 


2A f:xt-—» 24 4, x# land g:x -—= x +4, Find the inverse of fg in a similar 
form. 





25 fis given by fix +-—e Hy (x #3). Find (a) £%, (b) F, (6) f*, Deduce F. 
In cach case, state the values of x that must be excluded from the domain. 
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SUMMARY 


@ A function f maps an input x (domain) onto a unique image y (range). 
fix -— y=fx) 
© y= f(x) is the equation of the graph of the function. 
~f(x) is the reflection of i(x) in the x-axis. 
'y = f(x) is the reflection of y = f(x) in the y-axis. 
y = @ + f(x) shifts the graph upwards through a units if a > 0, and 
downwards if a < 0. 
y= f(x +) shifts the graph through @ units to the left if @ > 0, and to the 
right if a<0. 


© Modulus of 








x|=xforx20, 
=x for x <0. 

© If [x] >k thenx<-korx>k 
if |x| <A, then-kexck 


© To draw the graph of y = | f(x) |, first draw the graph of y = f(x) and then 
reflect any negative part in the x-axis. 





© If fis one-to-one, the inverse function f exists. 
fF) 

ei 

© The graphs of y = f(x) and y = f-"(x) are reflections of each other in the line y = x. 

© Functions may be combined, but the order is important. 


gfzx- Le ty 2+ gitix) 
second IL first 





fg:x Se gyre new) 
© f means ff, and so on. 





REVISION EXERCISE 3 (Answers on page 614.) 


A 
1 f:x }-—» 2x —3, Find the domain of x if 5 < f(x) <3. 
2 fis a function given by fsx -—» +4, (x #3), 





(a) Find f. 
(b) State the value of x for which *" is undefined. 


7 


3 (a) Solve these inequalities and show the results on a number line for each one: 
@ | 4x-3 | 22 


(b) Given that | ax +b | <5 where a and b are constants and that ~4 <x < 1, find the 
value of a and of b. 





4 On the same diagram, sketch the graphs of 





5 On graph paper, sketch the graphs of 
(@) yalaxtty 
(b) y=|3-x. 
Hence solve the equation |x + 1 | = |3 -x |. 
6 Fig. 3.26 shows part of the graph of 
(a) y, = f-x), 
(b) y,=flr- 1), 
(©) y,=fU-»). 





(x). Copy the diagram and add the graphs of 


Fig. 3.26 





7 Given the function f:.« +» 3x— 1, x #0, find the value of f(2) and the values 
of x whose image under fis 1. 


8 grxr—e 243 x #2. Show that gg(x) = x for all values of x except.x = 2. 





9 For the functions fsx }——» x°~4 and gx }—» 2x +3, find in a similar form 
(a) fg, (b) gf. 
(©) Find the values of x for which fg = gf. 


10 The function R maps x onto the remainder when 16 is divided by x. If the domain is 
(2, 3, 5, 7}, state the range. Does R™ exist? 


11 A function fis defined asf: +» $4, x #-1. Prove that 


fix t—= acy7.x#-L, 5. Obtain a similar expression for f* and hence suggest 
a possible expression for f*. © 


12 Given that f:x +» x +2 and gf :x -—» .¢ + 4x + 2, find the function g. 
Hence express x + —» x? — 4x + 2 in terms of f and g. 
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13 (a) The function f : x +——* 3x + a is such that ff(6) = 10. Find the value of a and 

of £4). 

(b) Functions f and g are defined by 
fix-——e yoy tt3 Bix —e We-3 
(i) Find expressions for f, fg and gf. 
(ii) Find the value of x for which fg(x) = gf(x). 

(c) The function f ; x +——-» 2x - 5 is defined for the domain x 2 1. State the range 
of f and the corresponding range of ff © 





14 Fig. 3.27 illustrates part of the function f : x +——= y, where y = ax + b. 
Calculate the value of a and of b. 


x y 
to] ft JZ10 
9 9 
8 8 
7 7 
6 6 
5 5 
4 4 
3 3 
2 2 
1 1 
° 0 
“1 1 
2 -2 


Fig. 3.27 


Find the end-points of the shortest arrow that can be drawn for this function. 


15 (a) Functions f and g are defined by f:x t——» 3x - 2 and g:x -—» 2-4 
(x# 0). Find an expression for the function (i) ff, (i) fg, (iii) g*. 
(b) The function h:x +—» 2° + ax + b is such that the equation h(x) = x has 
solutions of x = 2 and x = 3. Find the value of a and of b. © 
16 The functions f and g are defined over the positive integers by f : x —» 6 -2x and 
gixt—> 2,x#0. 
Express in similar form (a) fg, (b) gf, (c) f', (d) g°', (e) (fg)"'. 
Find the value of x for which ff(x) = ge(x). 


17 Express in terms of the functions f :x +—» Vx , x2 and g:x -—e x45 


(a) xt» Ve 45,225 (b) xe x-5 
(©) x -—ex4+10 @) x -—e Vr+10,x20 
(@) xr P45 © 
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18 Fig. 3.28shows part of the mapping of x to y by the function f : oo eee aand 
part of the mapping of y to z by the function g : yr ay y#l2. 
(a) Find the values of a and b. 
(b) Express in similar form the function which maps an element x to an element z. 
(©) Find the element x which is unchanged when mapped to z. 


© 
x y z 
6 6 6 
5 5 5 
4 4 4 
3 3 
2 2 2 
1 1 1 
o 0 0 
“1 A 1 
-2 2 


Fig. 3.28 


19 Given that f:x +» £+ (x 3) and that {(4) = 9, find 
(a) the value of p, 
(b) £3). 
(©) Obtain a similar expression for P. 
(@) Find the value(s) of x which have the same image under and f, 
20 The function P maps x onto =85,x#-4. 
(a) Given that P(3)= 2 and P(-3) = -6, find the values of a and b. 
(b) Find the value of x whose image under P is $. 
(6) Obtain a similar expression for P*. 
21 (a) Given the functions f sx -——» 2x—S and g ix -—+ 
a similar form (i) fg, (i) gf. 
Hence solve the equation fg(x) = g(x). 
(b) Functions p and q are defined as p : x > 
Find in a similar form (i) p-'q and (ii) pq. 
(©) The function h is defined by h:x +—» #42 (x # 1). 
Find the value of ¢ for which the equation h(x) = x has the solution x = 3. 


2 forx20 
x+2forx<0 


3 (for x #0), find in 











x#-3,andq:x +—» j. 





ves" 





22 The function f is defined as f :. -—= { 
‘Sketch the graphs of f and f. 

23 If f(x) =3 + 2, x #0, sketch the graph of f(x) for 1 <x 4. 
Now add a sketch of the graph of f"(x) for 3!< x <5. 
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24 (a) Given that f : x H—= 
equation f(x) + 2F (x) = 5. 
(b) Ifgixt-—= =, (x# 2), find the values of a if 4-1) + 2¢(-1) 


q we 2) find f(x) and f(x). Hence solve the 





3, 








25 For the domain —3 <x $3, sketch the graph of y= | [x] |, where [x] means the greatest 
integer less than or equal to x (for example, [3.4] = 3, [-3.4] = -4 etc). State the range 
of this function for this domain. 

26 Draw the graph of y = | 1 ~ | 2x || for the domain -3 <x <5. 


27 Fig. 3.29 illustrates the function y = f(x) over the domains -1 < x $ 0 and 0 <x <3. 
The function is undefined for all other values of x. Sketch the functions given by 








Fig. 3.29 


28 f, g and h are functions defined by f:.x t——> Vx, g:x -—» } and 
hix p—» x + 1. Express in terms of f, g and h: 





(a) x — (b) xe Se 


(c) x H-—> Axr+ IP (d) x > 241 
29 The functions f and g are defined by 


fx +——» remainder when 2° is divided by 7, 
g:x /-—» remainder when .° is divided by 5. 


(a) Show that (5) = g(3). 
(b) If nis an integer, prove that {(7n + x) = f(x) and state the corresponding result 
for g. © 
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30 The function T maps (x,y) onto (x + y, x ~ 2y). 


(a) Ais the point (2,1). T maps A onto B and B onto C. Find the coordinates of B 
and C. 


(b) The point D is mapped onto E(1,7) by T. Find the coordinates of D. 
(©) Another point F is mapped onto G(0,9) by T?. Find the coordinates of F. 
(d) Express T"' in the same form as T. 


31 Given that the range of y = f(1 x) ~ | is -2 $y $3, find the range of (a) f(x), 
(b) fie + 1) +1. 
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The Quadratic 
Function 


You have solved quadratic equations such as x? ~ 4x — 5 = 0 in previous work. In this 
Chapter we study the quadratic function 


f:xr-— ar + bxr+c (a40) 


First we review some essential techniques for solving quadratic equations. These will 
always give two solutions or roots, though sometimes they may be equal. 


SOLVING QUADRATIC EQUATIONS 


1 By factorization 


‘This is the simplest method if it is possible. For example x° - 4x - 5 =0 gives 
(x—5) (x + 1) =0so.x=5 or. However, certain quadratic equations, like 
2° — 4x — 4 =0 for example, cannot be factorized. 
It is useful to remember that the equation with roots a and B is 
(x-a)(x- B) = 0. 





HI By completing the square 


To solve x — 4x — 4 = 0, we can complete the square i.e. we make the x? ~ 4x part into 
a square. 


Rewrite x? ~ 4x as (x - 2)? 4, (Check by expanding this.) 
‘Then x? ~ 4x ~ 4 = 0 becomes (x — 2’ 8 = 0 or (x2)? = 8. 


Now take the square root of each side: x - 2 = + V8 and x = 2 + VB giving x = 4.83 or 
0.83 (correct to 2 decimal places). 
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UII By formula 
We can derive a formula for the roots of any equation as follows. 


ar+bxt+e 











Completing the square: (x + # 
by _ b—4ac 
So (x+ 3) a" 


2 


b 
and then x+ 35 = a 
giving 


b+ Wade _ + \D 
ma Tae; 


where D = b? - 4ac. D is called the discriminant. You will find out why later. 


When using the formula note carefully that it begins with —b and that the denominator 
is 2a, 
Note: The formula is the preferred method but 
completing the square for later use. 


is essential to know the technique of 








Example 1 
Solve 2x ~ 3x~1 = 0. 


Check that the left hand side does not factorize. 
Using the formula, a = 2, b = -3, c= -1. 


3) + NGF 4 _ 3+ VT 
Then x= or ; 


ing x = 1.78 or ~0.28 (2 decimal places). 


Example 2 
Solve 2x° - 3x +4 =0. 
= 3H N9=40M) _ 3+ V3 
4 4 


But ~23 has no (real) square root. Hence the equation has no real roots. We shall see 
the significance of this later. Such an equation is said to have complex roots. We shall 
not however use complex numbers in our work. 
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GRAPH OF THE QUADRATIC FUNCTION 
f(x) = ax + bx+c 


‘As you will have noticed in drawing such graphs, the graph of a quadratic function, 
y = ax + bx +c, has a characteristic shape. It is a curve called a parabola (Fig.4.1). 


a>0 


Minimum 


Fig.4.1 


When a > 0, as in 2x* — 3x — 1, the parabola has a minimum value at the bottom of the 
curve. 
When a <0, as in 1 —x—2x°, the graph has a maximum value at the top of the curve. 


‘The position of the curve relative to the x-axis depends on the type of the roots of the 
equation f(x) = 0. These roots are the values of x where the curve meets the x-axis. 


TYPES OF ROOTS OF ax? + bx+c=0 


~6+\D 


The roots are given by x= "2" where D = 6 — 4ac. 


1 If Dis negative (D <0 i.e. 6 < 4ac), then there is no value of VD. The equation has no 
real roots and the curve does not meet the x-axis (Fig.4.2). 


Fig.4.2 











Example 3 
What type of roots does the equation 5x° ~ 3x + 1 = 0 have? 
Using the formula, a = 5; b=-3, = I. 

‘Then D = (-3)? - 4(5)(1) =-11. 

‘As D <0, the equation has no real roots. 








I If D is positive (D > 0 ie. b* > 4ac), then VD has two values. The equation has two 
different real roots and the curve meets the x-axis at two points (Fig.4.3). 


Fig.4.3 





Example 4 

For what values of p will the equation 2? + px +9 = 0 have two real roots? 
Using the formula, a = 1, b = p, c= 9. 

Then D =p? - 36. 

For real roots, D must be > 0. 

So p? ~36 > Oi.e. p? > 36. 


It follows that p must be numerically greater than 6, i.e. p > 6 or p <6. (We could also 
write this as | p | > 6). 


If D is a perfect square, VD will be an integer. Then the roots will be rational numbers, 
ice. fractions and whole numbers. 





Example 5 

What type of roots does the equation 2x? + 3x -5 = 0 have? 
D=3 —4(2)(-5) = 49 

As D is positive, the equation has two different real roots. 


The roots are =3#7 = 1 or - 3. 





The equation could have been solved by factorization. 
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Il IfD= b= 4ac), then x= =. This means that the roots are equal (also called 


repeated or coincident roots). The curve souches the x-axis with the two roots merging 
into one (Fig.4.4). 





Fig.4.4 





Example 6 


(a) For what values of k will the x-axis be a tangent to the curve 
yoke + (1+ ke +k? 
(b) With these values, find the equations of the curves. 


(a) On the x-axis, y = 0. So the roots of kx? + (1 + k)x + & = 0 must be equal if the 
x-axis is to be a tangent. Then b* = 4ac where a =k, b= 1 + kand ¢ = k. 


‘Therefore (1 + k)? = 4kk = 44, 
Sol +2k+k=4e or 3k -2k-1=0. 


Solving this we get (3k + 1)(k - 1) = 0 giving k= 1 or—4. 


(b) If k = 1, the equation is y =.x7 + 2x + 1. 


If k =~}, the equation is y =~ “$=3+1, 





‘Summarizing the conditions for the various types of roots of the equation 
av + be + 020: 


D<0 D20 
B <4ac B 2 4ac 
No real roots [—— Real roots 
Different Equal 
if # > 4ac if b? = 4ac 


As we have learnt, D is called the discriminant: it discriminates between the types of 
roots. 
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Example 7 
The equation px: - 2(p + 3)x + p — 1 = 0 has real roots. What is the range of values 


of p? 

For real roots, b* > 4ac. 
Here a = p, b= -2(p + 3) andc = p- 1. 
‘Then [-2(p + 3)P 2 4p(p - 1). 
Simplifying, 4(p? + 6p + 9) > 4p? - 4p 
or 6p +92>-p. 

Hence 7p 2-9 and p2- 














Example 8 
Find the range of values of p for which the line 2x~y =p “i 
meets the curve (x-y) = 4. 

(ii) 
‘The line may meet the curve at two points or touch the curve. The coordinates of these 
points will be the solutions of the simultaneous equations (i) and (ii). 
From (i), y = 2x-p. 
Substituting in (ii), x(x — 2x + p) = 4 
which simplifies to x? — px +4 = 0. 


‘The roots of this equation are the x-coordinates of the point(s) where the line meets the 
curve. These must be real. So b? > 4ac where a = 1, b = -p and c = 4. 


‘Then (~p)? 2 4(1)(4) or p? 2 16 which gives p 2 4 or p 4. 











Example 9 

(a) Find the relation between m and k if the line y = mx +k is a tangent to the curve 
y = br. 

(b) If m = 4, find the equation of the tangent and the coordinates of its point of 
contact. 

(c) Find the equations of the two tangents to this curve which pass through the point 
(3-5). 
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(a) As in Example 8, we solve the simultaneous eq1 
Substituting y = mx + k in the equation of the cu 


(mx +b? = 8x 
Then mx? + mk + 2 - 8x =0 i.e. mx? + (2mk-8)x += 0 
Now this equation must have equal roots as the line is a tangent. 


Then b? = 4ac where a = m?, b = (2mk ~ 8) and c = k, so (2mk — 8) = 4m? or 
4m'k* — 32mk + 64 = 4m’ which gives mk = 2, the relation required. 


(b) If m= }, then & = 4, The equation of the tangent is therefore y=} +4. 











To find the coordinates of the point of contact, we solve this equation with that of 
the curve. 


‘Then ($ +4)? = 8x ie. F + 4x + 16 = 8x 
or x? ~ 16x + 64 = 0. 
8. 


is $+4=8. 


Hence (x - 8)? = 0 giving x 





‘The corresponding value of 
Hence the coordinates of the point of contact are (8,8). 
(c)_ As mk = 2, the equation of any tangent is y = mx + 2. 
If (-3,-5) lies on the tangent, then —5 = -3m + 2 
which simplifies to 3m? ~ 5m ~2=0. 
Solving this, (3m + 1)(m — 2) = 0 giving m= 2 or - 3. 
Hence the equations are y = 2x + | and y= - 3 -Gie. x +3y=-18. 





Exercise 4.1 (answers on page 616.) 


1 Without solving these equations, state the type of roots they have i.e., real, real and 
equal or not real: 


(a) Y= 10x+25=0 (b) P-6x+ 10=0 
(©) =4x+7 (@) 2e-x+2=0 
(e) 3+ (f) 42 - 20x +25 =0 






(g) t+ 
( 2¢ 
2. Find the values of k if the equation x? + (k — 2)x + 10 - k = 0 has equal roots. 
3 What is the largest value m can have if the roots of 3x° - 4x + m = 0 are real’? 


(yy) 2415 -2--1 


prep? @ ae-x=a(a>0) 


4 For what values of p does the equation x? — 2px + (p + 2) = 0 have equal roots? 
5 The equation x? - 2x + 1 = p(x —3) has equal roots. Find the possible values of p. 
6 Show that the equation a2? + ax + 1 = 0 can never have real roots. 

7 Find the values of k if the line x + y = kis a tangent to the circle x + y* = 8. 
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8 The equation kx? + 2(k + a)x + k = @ has equal roots. Express k in terms of a. Show 
that the line y = &(x-3) is a tangent to the curve y = A(x?—3x + 1) for any value of k 
except 0. 


9 (a) Find the range of values of m for which the line y = mx + 5 meets the curve 
y = 7 + 9 in two distinct points. 
(b) If this line is to be a tangent, find the two possible equations of the tangent and 
the coordinates of the points of contact. 





10 The line y = mx + 1 isa tangent to the curve y* = 2x ~3. Find the values of m. 

11 The line y= 2x +p is a tangent to the curve x(x + y) + 12=0. Find the possible values 
of p. 

12 (a) Find the relation between m and c if the line y = mux + c is a tangent to the curve 


yu dr, 
(b) Hence find the equations of the two tangents to this curve which pass through the 
point (2,2!). 


13 What is the range of values of c if the line y = 2x + c is to meet the curve x? + 2)? = 
8 in two distinct points? 


14 The equation (p + 3)x° + 2px + p = | has real roots. Find the range of values of p. 


15 If the equation x? — (p — 2)x + 1 = p(x — 2) is satisfied by only one value of x, what 
are the possible values of p? 


16 If the equation 1° — 2kx + 3k + 4 = 0 has equal roots, find the possible values of k and 
solve the two equations. 


17 Find the values of k for which the line x + y = & is a tangent to the curve 
a(x—y) +2=0, 


MAXIMUM AND MINIMUM VALUES OF A 
QUADRATIC FUNCTION 


‘The maximum or minimum values of the function f(x) = ax? + bx + c are the yalues of 
f(x) at the top or bottom of the curve. These are also called the turning points of the 
curve, 


By completing the square, we find that ax? + bx + ¢ = 





a> 0, Now the least or minimum value of this expression will be when the square term 
is 0 (it cannot be negative) as the other terms are fixed. This occurs when x= 
Hence the minimum value of f(x) = ax’ + bx + ¢ (a> 0), ie. at the bottom of the curve, 
is t- 4). 
If a'< 0, the tuming point will be a maximum (the top of the curve) where x = ~ 
This can be proved in a similar way and is illustrated in Example 11. 








r 
Example 10 


What is the minimum value of 3x° - 4x + 1 and for what value of x does it occur? 
f(x) = 38 -4x+ lra=3,b=—4. 


As a> 0, the minimum value of f(x) occurs when x =~ = ~ 


‘The minimum value = £(3) = 3 x 4 = § +1 =-}. 
This is illustrated in Fig.4.5. The line x = 3 through the turning point is called the axis 


of the curve and the curve is symmetrical about this line. 





ol 






yede 4x41 


Fig. 4.5 








Example 11 
Express 5 —x~ 2x in the form a — b(x + cP and hence or otherwise find its maximum 
value and the value of x where this occurs. 
S-x- 2x =5-2(x+4 4) 
=5- a(x +f i] by completing the square 
= 1y 
=5-2(x+ 1) 


Now the least value of (x + 





so the maximum value of the 


+ 
8 
iy, 
1) is 0 when x 





expression is st when x = -}. 
Alternatively as the question allows us to use another method (otherwise) we can use 
the rule stated above. Here a = 2, b =I. Verify that the same result is obtained. This 
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SUMMARY 


To find the maximum/minimum value of f(x) = ax + bx + c, rewrite f(x) as 

a(x? +48 + £) and complete the square on x +s. 

f(a) is then converted to af (x+ 2)'~ 2 + 5]. 

‘The turning point of f(x) is a MI" 4 <9 and occurs where x = 
maa See nip ae 

The ™* value is f(-2). 





SKETCHING THE GRAPH OF A 
QUADRATIC FUNCTION 


To draw the graph, we need a table of values. For a sketch, we need only know: 

(1) the shape of the curve; 

(2) where it cuts the y-axis. This is given by (0); 

(3) the positions of the roots (if any). If (x) factorizes, the roots are easily found; other- 
ise, approximate values will be sufficient; 


of the turning point. Remember that the curve is symmetrical about the 
axis through this position. 





(4) 


Fig.4.7 
Sketch the graph of f(x) = 2x° - 3x—4. 
(1) Asa>0, the shape is \_). 
(2) (0) =-4. 
This is the point A (Fig.4.7). 


f(x) = 2x 3x4 


(3) f(x) does not factorize. 


The roots of fix) = 0 are given by x = oe = 246 =23 and 08 
(points B and C respectively). 


(4) fe) = 202 - ¥-2) 
=2[(x-3) -%-2] 
=2(x-3)-4. 


So the minimum is at point D(3, — 





). 


‘The curve can now be sketched through these points. 





Example 13 
Sketch the curve y = -2 +2x— x. 


(1) a <0 so the shape is (. 
(2) Whenx =0,y=-2 
(point A in Fig. 4.8). 
(3) B? < 4ac so the curve 
does not meet the x-axis. 
(4) flax) = 2 = 2x + 2) 
=-{r- 1-1 +2) 
s-(x-1P-1 
So the maximum is at (1,-1) (point B). 





Example 14 
Sketch the graph of f(x) = |x -x-2|. 


To sketch this graph, we use the same method as before. 
First sketch f(x) = x2 — x — 2 and then reflect the negative part in the x-axis. 


x - 4-2 = (x—2)(x + 1) so the graph meets the x-axis at -1 and 2 (Fig.4.9). 
It meets the y-axis at -2 and the minimum is at (5,-23) . 


When reflected, these values become 2 and( 4,2) respectively. 


N(x) = pe- x-2) 
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RANGE OF A QUADRATIC FUNCTION 





Example 15 

Find the range of f(x) = x - 2x - 3 for the domain -2 <x <5. 

At the end points, f(-2) = (-2)? — 2(-2) - 3 = 5 and {(5) = 5* ~ 2(5) - 3 = 12. 

‘We might be tempted to say that the range is 5 to 12, but does the curve rise continu- 
ously from 5 to 12? It may go down to the minimum and then rise. 

Verify that the minimum is ~4 at x = 1 and sketch the curve (Fig.4.10). 

The minimum lies within the domain. 

So the actual range is -4 < f(x) < 12. 


Hence for such questions it would be wise to make a sketch. 
10%) 12 











Example 16 


Sketch the graph of 3 - 5x — 2x and state the range of the function 
fix +— 3 —5x~ 28 for real x. 


As a <0, the curve has a maximum where 





‘The maximum value is 3 + 25 2 = 2 =61. 
Fig. 4.11 shows the sketch. As x can take any 
real value, the function takes values $6 { so the 


range is fa) <6}. 
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Example 17 
Find the range of the function {(x) = [x(x — 2) [for the domain 5 <x < 25 


12). 
—1 atx = 1 which becomes a value of 1 when reflected. 









First sketch the graph (Fi 
The minimum of x(x - 2 


fx) = |ax-2)! 


Fig.4.12 





At the end points, f( 5) 


At x = 2 however, f(2) = 0. 
Hence the range is 0 < f(x) < 1}. 











Exercise 4.2 (Answers on page 616.) 


1 Find the maximum or minimum values of the following functions and the values of 
Xx where this occurs: 


(a) e-6«-1 (b) e+ 2x-3 
(©) 1-4x- 22 (d) 3-x-2¢ 
(e) 2e-x-4 () +3 

(g) 4° -3x-1 (h) S-2x- 4x 
(i) (L=x)(x + 2) @) P+ 2bxte 


2 Sketch the graphs of the functions in Question | (except part (j)). 


3 The graph of a quadratic function meets the x-axis where x = 3 and x =k. If the turing. 
point of the function occurs where x = }, find the value of k. 


4 Sketch the graph of f(x) = | x2 - 4x + 3 | and find the range for the domain 0 $x < 2. 
5 Sketch the graph of f(x) = | x(2 - x) |. State the range if the domain is -2 <x $ 3. 
6 Sketch the graph of the function f(x) = | x2 + x -2 | and find its range for 0 < x < 2. 


7 Find the range of the function 





3+ 2x—.° | for the domain 0 < x < 2. 


8 (a) A function V is given by V(‘) = 2 — 81 + 30. Find the minimum value of V and 
the value of ¢ where this occurs. 
(b) What is the range of this function for 0 < 1 < 3? 


9 Find the range of the function f : x +» 2 - 6x — | for real values of x. 


10 Find the range of the functions (a) 1 — 3x — 7 and (b) 2x? — x — 3 for the domain 
-1sxs2. 


11 Find the range of (a) 2x° — x — 3 and of (b) | — 2x — x for the domain -2 < x $ 2. 


12 Convert y= 4 [(x + 4) + (x-2)'] to the form y = (x +p)? + q and hence find the 
minimum value of y and the value of x where this occurs. 


13 (a) Express 7 — x — 3x* in the form a ~ b(x + c)*, showing the values of a, b and c. 
Hence state the range of the function f : x #—» 7 — x - 3x for all real values 
of x. 
(b) If the minimum value of x? + 4x + k is -7 find the value of k. 
14 The height (hm) of a ball above the ground is given by the function h(¢) = 151-57 
where # is the time in seconds since the ball left ground-level. Find the range of the 
height for 1 <1< 3. 


15 A spot of light is made to travel across a computer screen in a straight line so that, at 
1 seconds after starting, its distance from the left hand edge (d cm) is given by the 
function d(t) = 71 — # + 2. Find the furthest distance the spot travels and how long it 
takes to travel this distance . 

16 The function f(x) = 1 + bx + ax has a maximum value of 4 where x = -1. Find the 
value of a and of b. 


17 The function f(x) = ax + bx +c has a minimum value of -51 where x = } and 


{(0) = -5. Find the value of a, of b and of c. 


18 A rectangular enclosure is made against a straight wall Fig. 4.13 
using three lengths of fencing, two of length x m (Fig.4.13). 
The total length of fencing available is 50 m. 
(a) Show that the area enclosed is given by 50x — 2x°. x BS 
(b) Hence find the maximum possible area which can be 
enclosed and the value of x for this area. 


QUADRATIC INEQUALITIES wall 


For D > 0 and a > 0, the equation f(x) = ax? + bx +c = 0 will have unequal roots. Call these 
©: and B (where a < B). Then we see from the graph of such a function (Fig.4.14) that 


for x<a, f(x) >0 
for a<x<B, f(x)<0 
for x>B, fi) >0 





Fig. 4.14 x<a acx<p x>B 


For D > 0 and a < 0, the signs of f(x) will be reversed (Fig. 4.15), 


for x<a, fix) <0 
for a<x<B, f(x)>0 
for x>B, f(x) <0 


D>0 


Figa15 





Keep the graphical illustrations in mind when dealing with such inequalities. 
If, however, D < 0 (Fig.4.16) then 


f(x) is always positive if a >0 


D<O0 (x) is always negative if a<0 


(a) D<0,a>0 


Fig. 4.16 


(b) D<0,a<0 
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Example 18 
Show that 3x° — 2x +4 is always greater than 1. 


This means we have to show that 3x’ — 2x + 3 is always greater than 0. 
Now for this function, D = b* — 4ac = 4 ~ 36 < 0. Therefore the function is always 
positive. (Similar to Fig.4.16 (a). 








Example 19 
For what domain of values of x is 3x° - 2x < 1? 

‘This is equivalent to 3x ~ 2x - 1 < O i.e. (3x + I)e- 1) $0. 
‘The roots of the function are @ = -3 and = 1. 

‘Then 3x? - 2x - 1 is 0 or negative if —} <x < 1 (Fig.4.17). 


Fig. 4.17 


Alternative method 


‘This method uses the signs of the two factors (3x + 1) and (x — 1) to find the sign of 
the product (3x + 1)Q- 1). 





On the first number line, 3x + I will be negative for.x<—4. 0 at.x=—} and positive 
thereafter. 
On the second number line, (x ~ 1) will be negative if x < 1, 0 atx = 1 and positive 
thereafter. 
‘The signs of the product are shown on the third number line. Hence we see that 


x +1) (x= 1) $0 for-} SxS 1 as before. 








Example 20 


For what range of values of p will the equation x° ~ (p +2)x + p? + 3p = 3 have real 
roots? 


‘The equation is x° - (p + 2)x + p? + 3p -3 =0. 
For real roots, 6? 2 4ac where a = 1, b = <p + 2) and c = p? + 3p -3. 


Then (-(p + 2)P 2 4(p + 3p - 3) 
i.e. p?+ 4p +42 4p? + 12p ~ 12 


which simplifies to 3p? + 8p - 16 <0 
ie, Gp -4)(p + 4) <0. 


Hence, as in Fig.4.14, -4 <p < $. 








Example 21 


Find the domain of x for which | - 3x -7 ] $3. 
Extending the result for | x | <k found in Chapter 3, if | ° - 3x -7 | <3, then 
-3$"-3r-783. 
Take these separately: 
(1) -3S.0-3x-7 
gives x7- 3x-420 
ie. (x-4)x+ 120 
This is true if x $-1 or x24, 
(2) 8 -3x-753 
gives 7 -3x-10<50 
ie. (x-5)x+2) $0 
This is true if -2 <x <5. 
These inequalities are shown on number lines. 











Now «x must satisfy both sets of conditions. Hence x must lie in the shaded regions i.e. 
between —2 and —1 (inclusive) and between 4 and 5 (inclusive). Hence -2 $x <-1 and 
4<xs5. 

This solution is shown on the graph of y = | x* — 3x—7 | (Fig-4.18). 


yele-3x-7) 








Exercise 4.3 (Answers on page 617.) 
1 Find the domain of x if 


(@) e-x22 (bo) P+x56 

(c) P+ 5x>6 (d) Weae+l 

(e) x(6x - 5) <-1 () 24x 

(g) 3e Sx +2 (h) (x + 3)or + 1) > 24 
(i) Be <4-1le @ w+ 24 


2 If 8x + 4x +k is never negative, find the least possible value of k. 

3 Find the range of values of r if the equation 3x° — 3rx + ( ~ ¢— 3) = 0 has real roots. 
4 If the roots of p(x? + 2) = 1 - 2x are real, find the range of values of p. 

5 If the equation px(x - 1) + p + 3 = 0 has real roots, find the range of values of p. 


6 Find the domain of x if 

(a) |P+x-7/<5 (b) |e -Sx-10]24 

(©) [44x-e [52 
7 Find the range of values of p if the roots of the equation pix? - (p + 2)x + 1 = 0 are 
real. 


8 Show that the equation (¢ + 3)x? + (2r + 5)x + (+ 2) = 0 has real roots for all values 
oft. 


9 Show that the equation px? + (2p + 1)x + (p + 1) = 0 has real roots for all values 
of p. 


10 A rectangle has sides of length (2x + 3) cm and (x + 1) cm. What is the domain of x 
if the area of the rectangle lies between 10 cm? and 36 cm? inclusive? 
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11 If the equation * + 3 = r(x + 1) does not have real roots, find the range of values 
oft. 


12 For what domain of x is |2 -— x - 3] <3? Illustrate your result on a sketch of 
y= |2e-x-3]. 
13 If | (x + 3)(v— 2) | < 6, find the domain of «and show your result on a sketch graph, 
14 State the domain of x for which 31 ~ 2 and x + 3 are 
(a) both positive, 
(b) both negative, 
Hence find the domain of x for which 31° + 7x < 6, 
15 The equation px’ + px + 2p = 3 has real roots. Find the range of values of p. 


16 The function ° + 3x + 4 is never negative. Find the least whole number value of k. 
If k = 4, find the minimum value of the furction. 


SUMMARY 


© The roots of ax’ + bx + =O are given by x= 6+ Y= Sac 


b> 4ac, the roots are real and different 
= 4ac, the roots are real and equal 
if B° < 4ac, the equation has no real roots. 


© Types of root 





© Ifa>O0, the function ax’ + br +c has a minimum value; 
if a <0, it has a maximum value. 





© To find the maximum/minimum, write as a(x + §) and complete the square 


ay OY 
on e+ 


© If the roots of f(x) = ax? + bx + ¢ = 0 are a and B (where & < B), then 
fa) > 0 forx <a 
fy) <0 fora<x<B Pp when b?> 4ac and a > 0 (Fig.4.19) 
f(a) > 0 for x > B 

and 

fi) <0 forx<a 
ti) >Ofwacs <p } when b? > dac and a < 0 (Fi 
fa) <0 forx > B 





4.20) 


D>0 
a<0 





Fig. 4.19 xealacreBlx>f Fig. 420 





If b* < 4ac and a > 0, f(x) is always > 0. 
If b < 4ac and a <0, f(x) is always < 0. 


(a) O<0,a 





Fig.4.21 


(©) D<0,a<0 


REVISION EXERCISE 4 (Answers on page 617.) 


A 

1 Without solving the following equations, state the nature of their roots: 
(a) 3P-x=1 () @&+ 1Ir-2)=5 
© (-n==45 @ 143-4 





(e) (2x + 5\(2x + 3) = 26x +7) 
2 Find the range of values of x for which 3x° < 10x - 3. 


3 Show that the equation (r—3)x* + (21 1)x + (r+ 2) = 0 has rational roots for all values 
of 1. 


4 Show that the equation (p + I)x? + (2p + 3)x + (p + 2) =0 has real roots for all values 
of p. © 
5 The quadratic equation x° + px + q = 0 has roots -2 and 6, Find (i) the value of p and 
of q, Gi) the range of values of r for which the equation x° + px + q = r has no real 
roots. © 


6 Express 8 + 2x —.° in the form a — (x + 6)’. Hence or otherwise find the range of 
8+2r-r for-lsxs5. 


7 (a) Find the range of values of x for which 6x? - 1 Lx 2 7. 
(b) Find the coordinates of the turning point of the curve y = (2x - 3)? + 6 and sketch 
the curve. (C) 


8 Find the range of the function 2x’ - 7x + 3 for the domain 0 <x <4, 


9 State the range of values of k for which 2k ~ | and k + 2 are (i) both positive, both 
negative. Hence, or otherwise, find the range of values of k for which 2k* + 3k < 2. 
© 





10 (a) Find the value of p for which the line y = 6 is a tangent to the curve 
yrs (L—p)x + 2p. 
(b) Find the range of values of q for which the line x + 2y = q meets the curve 
ale ty) +8 =0. «© 


11 Find the domain of x for which | 2° - 4x - 3 | > 3. 


12 (a) The quadratic equation kx? + 2(k + a)x + (k +b) = 0 has equal roots. Express k 
in terms of a and b. 

(b) The quadratic equation (p + 1)x? + 2px + (p + 2) = 0 has real roots. Find the range 

of values of p. © 


13 The function 2ax* - 4x — a has a maximum value of 3. Find the values of a. 
14 Sketch the graph of the function | x° — x ~ 6 | and find its range for 0 $x $3. 


15 The curve y= ax’ + bx +c has a maximum point at (2,18) and passes through the point 
(0,10). Evaluate a, b and c. © 


16 The two shortest sides of a right-angled triangle have lengths (x + 1) cm and 
(x + 2) cm. If the area A cm? of the triangle is such that 15 < A < 28, find the range 
of values of x. 


17 The equation of a curve is y = 4x* ~ 8x — 5. Find 
(i) the range of values of x for which y > 0, 
(ii) the coordinates of the turning point of the curve. 
State the coordinates of the maximum point of the curve y =| 4x°— 8x—5 | and sketch 
the curve y =| 4x°- 8-5 |. (c) 


18 A square has side x cm and a rectangle has sides x em and 2(x + 1) em. 
For what range of values of x is the total area not less than 1 cm? and not more than 
Sem? 


19 (a) Find the value of p for which the equation (1 ~ 2p)x? + 8px —(2 + 8p) = O has two 


‘equal roots. 
(b) Show that the line x + y = q will intersect the curve x? ~ 2x + 2y? = 3 in two 
distinct points if q* < 2q +5. © 
20 (a) The function f : x +—» x' + px + q is negative only between the values x = 2 
and x = 5. 


(i Find the value of p and of g. 
(ii) If f(x) = -2, find the value of x. 


(b) The function ax? + bx +c is positive only when -3 <x < 2 and meets the y-axis 
where y = 6. Find the value of a, of b and of c. 


21. Find the domain of x if VSx — 2 — 2x is real. 
22 f(x) = 0.3%? - 0.2x. If 0.1 < f(x) < 0.5, find the domain of x. 


B 
23 Find the domain of x if 2< Ve +x +3) <3. 


6 


27 


2B 


29 


If the equation x° + 3 = k(x + 1) has real roots, find the range of values of k. Hence 


find the two values of x for which the function =? has (i) a maximum, (ii) a 
minimum value. 





‘The function f(x) = ax? + bx + c has a minimum value of 5 when x = | and f(2) = 7. 
Find the values of a, b and c. 


The roots of the quadratic equation x2 + 2x + 3 = p(x? - 2x ~3) are real. Show that p 
cannot have a value between -I and 3. 


The function x? + px + q is negative for 2<.x <4. Find 
(a) the values of p and q, 
(b) the domain of x if 15 $7 + px +q $48. 


(a) Solve the equation x? + 2ax + 2 = 2a? + Sa to obtain x in terms of a. 
(b) If these values of x are real, find the range of values of a. 


If @ and B are the roots of ax + bx + c = 0, show that a + B = —5 and that 
off = £. Hence show that of + BP 





Binomial 
Expansions 


A binomial is an expression of two terms, such as (x + y), (a ~ b), etc. If the binomial 
(a + b) is squared, the result is the expansion of (a + 6). Write down this expansion. 
Now examine the pattern obtained if we expand (a + b)’, (a + by, etc. 


(a+ by =(a + bya +b) 
= (@ + 2ab + Ba + b) 

To find this, multiply each term of (a? + 2ab + 6%) by a, then by b and add the results. 
Multiplying by a: a’ + 20% + ab? 
Multiplying by 6: a + ab + BY 
Adding: @ + 3a + Zab? +B 
Note that the powers of a and b add up to 3 and that the coefficients are 1 3 3 1. 
Now find (a + 6)‘ = (a + b)'(a + 6) in the same way. 
You should obtain a + 4a°b + 64%? + 4ab? + bt. 


‘The powers add up to 4 and the coefficients are 1 4 6 4 1. 
Once more, find the expansion of (a + )S. Can you see the pattern? 


121 coefficients of (a + bY 
13:31 coefficients of (a + b)* 
14641 coefficients of (a + b)* 


1510105 1 coefficients of (a + b)* 


Each line starts and ends with 1. Go along the (a + b) line and add the coefficients in 
pairs. You will find that the sum of each pair gives the coefficient in the next line. Repeat 
for the other lines. Hence find the coefficients for (a + b)* and (a + by’. 

Note that the coefficients are symmetrical and that the second coefficient is equal to 
the power of the expansion. For (a + 6)" there are (n + 1) terms, where n is an integer. 
Make a copy of the triangle up to a power of 8 to keep for reference. 

This pattern is called Pascal's Triangle after the French mathematician Pascal (1623 
— 1662) but it was known in China long before his time. By working through the triangle 
we can find the coefficients for any power n of (a + b). 

Later in this chapter, we will introduce the Binomial Theorem which gives a formula 
for the coefficients, but for most of our work the triangle will be sufficient. 
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Example 1 

Expand (a +b) 

From the triangle the coefficients are 1 8 28 56 70 56 28 8 1. 

‘Then (a+ b)' = la’ + 8a’b + 28a°b? + 56a°b? + 70a‘! + S6a°b* + 28a°b + Bab? + 1b" 


Note that the powers of a decrease from 8 to 0 while the powers of b increase from 0 
to 8, The sum of these powers is always 8, 





(a + 6) is the model binomial but we can replace a or b by other expressions. 





Example 2 
Expand (2x - 1). 
‘The initial coefficients are 1 4 6 4 1. Herea=2x,b=-1. 


‘Then (2x — 1)* = 1(2x)* + 420-1) + 621 + 420-1? + WI) 
= 16x! — 32x + 242? - 8x +1 


‘The coefficients are now quite different. The powers of x are in descending order. 








Example 3 

Find in ascending powers of x the expansion of (2 - 3 }*. 

The initial coefficients are 1 6 15 20 15 6 1. The expansion is, 

28 + 6(29)(~ $) + 15129 (— 3) + 20(2(- 4) + 18(2(- 3) + 62-3) + (- § 
= 64 — 62x + 15(2)x? - 208° + 15(F) - 6(F) + F 


= 64 - 96x + 60:7 - 200 + SE 3B 4 SE 











Exercise 5.1 (Answers on page 618.) 
1 Find, in descending powers of x, the expansions of: 


(a) @-2)" (b) (2x-3) (© r+) 
(a) (x= 4) (©) (x+ 1) © (4-2) 
2 Expand, in ascending powers of x: i 
(a) (1-2 (b) (2-30) © (2-3) @ a-xy 
3 Find, in ascending powers of x, the first four terms in the expansion of: 
(a) (=x —(b) (I-27 © (1-3) @ (4-3) 





4 Find the expansions of (a) (3x-2y)* (b) (x 


5 Expand (a +6). Ifa = 3 and b= 
of the expansion. 





iy 


1 find the value (as a fraction) of the fourth term 








6 Write down the first four terms of the expansion of (1 —x)* in ascending powers of x. 
Using these terms, find an approximate value of (0.99)*. 


7 (a) Write down the expansions of (1 +.x)? and (1 —)°. 
(b) Hence simplify (1+ x) + (1 ~ 29°, Use your result to find the exact value of 


(+ V¥2)'+ (1 - V2), 


8 By using the expansions of (2 + x)* and (2 — x), find the exact value of 
(2+ V3)! + (2 - V3). 


9 (a) Write down the expansions of (1 + x)* and (1-2). 
(b) Hence simplify the expression (1 +.x)* ~ (1 —x)*. Use your result to find the value 
of L.01* 0.99" 


10 (a) Obtain the expansions of (x + !)° and(x- 1). 








(b) Hence simplify (x + 1y -(x- 4. 
(©) Choosing a suitable value of x, find the value of 2.5° ~ 1.5°. 
Example 4 


(a) Expand (1 + y)' in ascending powers of y. 
(b) Hence find the expansion of (1 +x — 2°)! as far as the term in x’. 
(a) (+ y= 1 + 4y + Oy + 4y +4 
(b) Now substitute (x 2°) for y. 
(Lt x— x) = 1+ 40r— 2) + 6(r— P+ 4 — P+ 
= 14 4x40 + 602 ~ 208) #408) + 
(where we do not keep 
any terms higher than x°) 
1+ 4x — 4x + 6x — 120 + 40° (up to the term in.) 
1 + 4x + 2 - 8x) (up to the term in x) 











Example 5 


(a) Find, in ascending powers of x, the expansions of (I ~ 2x¥' and (2 +x)". 
(b) Hence find the first four terms of the expansion of (I ~ 2x}(2 + x}. 
(a) (1-208 = 1+ 3-20) + 3-20? + (20)! 
+12e-8e 
(2+ x) = 24+ 42)() + 6A) + 42)(0°) +4 
= 16 + 32x44 + BP +a 
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(b) (1 = 2092 +.) = (1 - 6x + 128 - BP (16 + 32e + 24? + BE +24) 
The first four terms will go up to the power of x°. So we multiply the terms in the 
first bracket by 16, 32x, 24x? and 8x° and leave out any terms higher than .°, 








Multiplying by 16 16 — 96x + 192x7 - 128° 

Multiplying by 32x 32x ~ 1922? + 384° 

Multiplying by 24° 24x - 1440 

Multiplying by 8° ae 

Adding 16 - 64x + 24x + 120x° 
Example 6 
(a) Find the terms in x‘ and x* in the expansion of (3 - 3 f° in ascending powers of x. 
(b) Hence find the coefficient of x‘ in the expansion of (1 ~ 3)(3 - 5)*. 


(a) (3 = §)* = 36 + 63)— §) + 1SGM- FF + 208'K- FP + 153V- 
So the x term is -20x* and the x* term is + 5, 


———————“7 





i) 


Then (1 — $3 ~ $)°= (1 - 3)(.— 208 + F.. 





ti 
The term in x is found by multiplying the relevant terms as shown, and is, 
10x! + 5& giving a coefficient of *2. 








Example 7 


Write down and simplify the first three terms in the expansions (in ascending powers 
of x) of (a) (1 — 3£)° and (b) (2 + x}. 


Hence find the coefficient of © in the expansion of (2 — 2x — 22, y 





(a) (= Ys 145-3) + 10-3. = 1- Sey Ca 
(b) (2 +x)? = 2° + SHR) + 1020(4*) ... = 32 + 80x + 807 
We notice that (2 - 2x - 38°) is the product of (a) and (b) 





=(1- 2)2+0F 





‘The term in x will be the sum of the products linked together, so the coefficient of 7 
is 80 - (18 x 80) + (45 x 32) = 200. 














Example 8 


Find, in ascending powers of x, the first three terms in the expansions of 

(a) (1 +2x) and (b) (1 + px)’. 

(c) If the coefficient of x in the expansion of (1 +2x)'(I + px}! is -26, find the value 
ofp. 

(a) The first three terms of (1+ 2x)* are 1+ 5(2x) + 1O(2x)? = 1 + 10x + 402%. 


(b) The first three terms of (1 + px)* are 1 + 4(px) + 6(px)? = 1 + 4px + 6p*x?. 





(©) (1+ 20% + pet = (1 + 10x + 40x)(1 + 4px + 6p?) 
We only require the term in 2° so we pick out the terms (linked together above) 
whose products produce 2°: 
1x 6p2e = 6px? 
10x x 4px = 40px? 
40% x1 = 40% 






giving (6p? + 40p + 407. 

Hence 6p? + 40p + 40 = -26 

i.e. 3p? + 20p + 33 =0 or (3p + 11Xp +3) =0 
and so p =-1 or -3. 














Example 9 


(a) Find the first three terms in the expansion of (1 ~ 3x)’ in ascending powers of x. 
(b) If the first three terms in the expansion of (p +qx)(1 — 3x} are 3 +rx +300x, state 
the value of p and find the values of q and r. 
(a) The first three terms of (1 — 3x)° are’ 1 + 5(-3x) + 10(-3x)? = 1 - 15x + 90°. 
(b) The first three terms of (p + qx)(1 — 3x) will come from (p + gx)(1 - 15x + 90x). 
The first term is p so p = 3. 
The term in x is gx ~ ISpx so g- 1Sp =r @ 
‘The term in x? is 90px" - 15qx" so 0p — 15q = 300 Gi) 
From (ii), 270 ~ 15q = 300 so g = -2. 
From (i), r= -2-45 = -47. 








Example 10 


(a) Expand (1 ~ 5} in ascending powers of x. 

(b) If this expansion is used to find the exact value of (0.995), what value should be 
taken for x? 

(c) Using this value, find (0.995). 


(a) The coefficients in the expansion of (a + b)* are 1 4 6 4 1 and, in this case, 
a=lb=-§. 
All the powers of a = 1. 

Then (1 = 3)*= 14+ 4-3) +6 5P + 4-5 + 5)" 
a1-me BP iS4k 

(b) If 1 = 3 = 0.995, then 5 = 0.005 and x = 0.01. 

© 





Substitute x = 0.01 in the expansion. 
(0.995)* = 1-2(0.01) + QW _ gM , ore 
Writing the positive and negative terms separately: 
positive negative 
1 ~ 2(0.01) = - 0.02 
2000" — 0,000 15 — 262" = 0,000 000 5 
{2.0)* = 0.000 000 000 625 
1,000 150 000 625 = 0.020 000 5 
which gives a sum of 











1.000 150 000 625 
— 0.020 000 5 


0.980 149 500 625 


This is the exact value of (0.995)*. 
Compare this value with that obtained by using a calculator. 








Exercise 5.2 (Answers on page 619.) 

1 Write down the expansion of (1 —x)*. Use your result to find the expansion of 
(1 ~x + 4) in ascending powers of x as far as the term in 2°, 

2 Use the expansion of (1 + x)* to find the first three terms in the expansion of 
(1 + 5 - 2) in ascending powers of x. 

3 Find the first three terms in the expansions in ascending powers of x of (a) (2 - x) and 
(b) (3 - 4)*. Hence find the coefficients of x and x*in the expansion of (6 ~4x + +) 

4 (a) Write down the expansion of (1 + x)° in ascending powers of x as far as the term 


inx. 
(b) Hence find the first four terms in the expansion of (1 + x —2°)°. 
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5 Expand in ascending powers of x, (a) (1 + 2x)* and (b) (1-0). 
Hence find the first three terms in the expansion of (1 + 2x)*(1 —x)°. 

6 Write down the expansions of (1 + 2x)* and (2~ $)* in ascending powers of x. Hence 
find the coefficient of the term in 3° in the expansion of (1 + 2x)\(2 ~ 5 )*. 


7 Find the coefficient of x° in the expansion of (1 ~ 2x)°(I + 3£)*. 


8 Expand each of the binomials (1 + x)° and (2 - x)’ as far as the term in x°, Hence find 
the coefficient of x° in the expansion of (2 +x - x)’. 


9 In the expansion of (a + bx)‘ in ascending powers of x, the first two terms are 16 - 96x. 
Find the values of a and b. 


10 The coefficient of the third term in the expansion of (ax — } )* in descending powers 
of x is 80. Find the value of a. 


11 (a) Expand (1 + ax)’ and (b + x)* in ascending powers of x. 
(b) If the first two terms in the expansion of (1 + ax)'(b + x) are 16 - 64x, state the 
value of b, where b > 0, and find the value of a. 


12 In the expansion of (p + qx)' in ascending powers of x, the first two terms are 16-8, 
Find the values of p (> 0) and g. Hence find the third term in the expansion. 
13 (a) Expand (1 + px)‘ and (1 + gx)’ as far as the terms in 2°. 
(b) Given that the coefficient of x* in the expansion of (1 + px)*(1 +x)’ is ~6 and that 
p+q=1, find the values of p and q. 
14 (a) State the expansions of (i) (11 + ax)* and (ii) (1 + bx)* in ascending powers of x. 
(b) If the second and third terms in the expansion of (1 + ax)"(I + 6x) are Sx and 3° 
respectively, find the values of a and b. 


15 (a) Find the coefficients of x* and x° in the expansion of (2x - 3)’. 
(b) Hence find the coefficient of x* in the expansion of (F —2)(2e- 





16 Find the coefficients of x° and x4 in the expansion of Gg ay. 
Hence find the coefficient of x* in the expansion of (1 + 30 -x) 


17 Write down 
(a) the first four terms in the expansion of (1 ~ 2x)*, and 
(b) the first three terms in the expansion of (1 — x)*. 
If the sum of the terms in (a) equals the sum of the terms in (b) where x # 0, find the 
value of x. 


18 State the first three terms in the expansion of (1 + x)* and hence find the first three 
terms in the expansion of (1 + ax + bx*)*, If these are 1 + 8x + 122°, find the values 
of a and b. 


19 If the expansion of (1 — x —.°)'° is used to find the value of (0.89)"°, what value of x 
should be substituted? 


20 Write down the first three terms in the expansion of (1 - x)* in ascending powers of 
x. Use this expansion to find the value of (0.999)* correct to 5 significant figures. 
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THE BINOMIAL THEOREM 


‘The expansion of (a + b)* is given in full by a formula known as the Binomial Theorem. 
The formula is as follows: 

(a+ bys ats (Marth + (4)arb +4 )arb +. + bt 
where (”) = nn=1in= 2). +) ang 

r i ’ 

r! is factorial r and r! = 1x 2x3x4x... xr. 

For example, 2! = 1 x 2, 3!=1%2x3,S!=1x2x3x4x Sete, 

= a nae 
Hence (1) = $.(3) = SBe2.(8) = SMA. and 0 on 
‘There are (n + 1) terms in the expansion of ie + o The coefficients of the expansion are 
1 @) @- @ - 3 
term Ist 2nd 3rd (r+ Dh (n+ 1th 


‘The first and last coefficients are always | when n is a positive integer (which it always 
will be in our work). Note that the coefficient for the (r + 1)th term is (7). 


Some calculators give the numerical value of (") (shown as *C_) but the formula needs to 
bbe known for algebraic terms. 








Example 11 
Show that (12) = (10). 


(9) = “RES = 120 


1x9 x8x7x6x5x4 _ ; 
(19) = xox 8x7x6X5%4 = 120 after cancelling 4 x 5 x 6 x7. 
We could have expected this as the coefficients of (a + b)"° are symmetrical. 
This is an example of a general rule:()=(,,) 


Hence to find, say (12) it is easier and quicker to find (1?). 


Example 12 


Using the theorem, find the coefficients in the expansion of (a +b). 

een )(3).(3).(2).(3).(2) and 1. 

oF (2) = Beg = 21 (3) = BESS = 35 
(2) =(3)=35: (3)=(Z)=2 (3)=(1)=7 


So the coefficients are 1, 7, 21, 35, 35, 21,7 and 1 as we have found from Pascal's 
triangle. 





Pascal's Triangle is the easier and quicker way of finding coefficients provided n is not 
too large. If n is large or is not known, then the Binomial Theorem must be used. The 
theorem is essential in more advanced work when n may not be a positive integer. 





Example 13 
Find the first four terms in the expansion of (x ~ 2)”. 
Here a = x, b = ~2 and n= 12. 


The first four terms are 
x74 (12) 22) + (12) x29? + (12)e(-2)° 
att 2 etry 4 REL piggy 4 ANIC yg) 


= x! — 24x!! + 264x!° — 1760x° 





Example 14 
Find the 5th and 6th terms in the expansion of (2x ~ 5). 
Here a = 2x, b =—} and n= 10. 








and the 6th term by r= 5. 
The Sth term = (10)(2xy'4_Jy¢ = PASAT yet 


‘4 10x9x8x7%6 ys 
Verify that the 6th tem = ies (208 (7) = -2522°. 


The Sth term is given by r= 

















Example 15 


Write down (without simplifying) the first three terms in the expansion of (x + b)* 
where nis a positive integer. If the coefficients of the second and third terms are -8 
and 30 respectively, find the values of n and b. 


(et by axe (7 arto + (2 atte 

Hence the coefficients of the second and third terms are nb and “Y=. b? respectively. 

Then nb = -8 w 

and “= p= 30 ie. mn — 1)b = 60 (i) 

We solve these equations for n and b. 

In (ii), substitute b = 38, 
n(n 1) $= 60 or 

Then 64n — 64 = 60n from which we find n= 16. 


From (i), b= 72 =-4. 















Example 16 
Find the term independent of x in the expansion of (2x ~ + }!°. 

From the theorem, the (r + 1)th term is 

(Pantene ty = (Had y. 

If this term is to be independent of x, then the x's must cancel i.e. the powers of x in 


the numerator and denominator must be equal. 
Then 10—r=rorr=5. 


So the 6th term is independent of x. 


This term is therefore (1)2%-1)° = WX2*8*7*8 (32) = 8064. 








Exercise 5.3 (Answers on page 619.) 
1 Find the value of (a) 3!, (6) 41.) 2 @) gi. 
2 Find the value of (a)($), ()(3), (©) (12), «a(18). 
3 What is the value of x if( 4!) =(.!1,)? 
4 Write down and simplify the first three terms of (a) (1 +.x)"°, (b) (x~ 3)", (c) (x= 1)’. 


5 For the following expansions, find 
(a) the coefficient of the ninth term in (2x - 1)"; 
(b) the coefficient of the fourth term in (1 — 3x)"; 
(©) the coefficient of the fifth term in (x — 1)°. 

6 The coefficient of the second term in the expansion of (1 + 2x)" in ascending powers 
of xis 40, Find the value of n. 


7 If the first three terms in the expansion of (1 + ax)* in ascending powers of x are 
1 + 6x + 16x°, find the values of m and a. 


8 In the expansion of (1 + px)" in ascending powers of x, the second term is 18x and the 
third term is 135x°. Find the values of n and p. 


9 Find the term independent of x in the expansion of (x - 34+)’. 


10 If the ratio of the Sth to the 6th term in the expansion of (a + 4 is 5x: 1, find the 
value of a. 


SUMMARY 


© The coefficients in the expansion of (a + b)*, where n is a positive integer can 
be found from Pascal's Triangle: 


p2i (a+by 

t.3 1 (a+b) 

14641 (a+by 

1510105 1 (a+b) 
ete. 


© The powers of a decrease from 1 to 0, the powers of b increase from 0 to n. The 
sum of these powers is always n. 


© Alternatively, the expansion of (a + b)* can be found using the Binomial 
Theorem, where 1 is a positive integer: 


(a+ by =ar+ (P)arib + ("ash +... + (arr + 


where (")= Ma=We=2ute=r*) andr! =1x2x3X.. Xr. 


aaa 





REVISION EXERCISE 5 (Answers on page 619.) 
A 


1 Find, in ascending powers of x, the first four terms in the expansion of (i) (1 — 33)*, 
(ii) (1 + 5x)’, Hence find the coefficient of s* in the expansion of (1 — 3x)°(1 + 53)’, 
«© 


2 Obtain the first thre terms inthe expansion of (a+ 5 #)* in ascending powers of x. If 


the first and third terms are 64 and ®S respectively, find the values of a and b and 
the second term. 


3 Find the first three terms in the expansion of (1 — 2x)° in ascending powers of x, 
simplifying the coefficients. 

Given that the first three terms in the expansion of (a + bx)(1 — 2x)° are 

2+ cx + 10x, state the value of a and hence find the value of b and ofc. (C) 


4 (a) Expand (1 + 2x)° and (1 — 2x)$ in ascending powers of x. 
(b) Hence reduce (1 + 2x)° — (1 - 2x)* to its simplest form. 
(c) Using this result, evaluate (1.002)° - (0.998)°. 


5 Find, in ascending powers of ¢, the first three terms in the expansions of (i) (1 + a 1)°, 

(ii) (1 - Ba)*, Hence find, in terms of o and B, the coefficient of f in the expansion of 
(1+ a)°(1 = Boyt (C) 

6 The frst, three terms in the expansion of (1 + 3 )* in ascending powers of x are 
l+x+ = . Find the values of n and p. 





7 Write down and simplify the expansion of (1 — p)*. Use this result to find the 
expansion of (1 - x — 2)’ in ascending powers of x as far as the term in x°, Find the 
value of x which would enable you to estimate (0.9899)° from this expansion. 


© 
8 Find which term is independent of x in the expansion of (x ~ 347)". 
9 Obtain and simplify 
(i) the first four terms in the expansion of (2 + x°)* in ascending powers of x, 
(ii) the coefficient of x* in the expansion of (1 — 2)(2 + 7). © 


10 In the expansion of (1 —x)", the sum of the first three terms is ¢ when a certain value 
of x is substituted. Find this value of x. 


11 Evaluate the coefficients of x* and x* in the binomial expansion of — 3)’. Hence 
evaluate the coefficient of x’ in the expansion of G - 3) (x + 6). «© 


12 If the first three terms in the expansion of (1 + kx)" in ascending powers of x are 
1 - 6x + *3°, find the values of k and n. 


din ceaiy powers of x, the first three terms in the expansion of (1 + ax) 
Given that the first two non-zero terms in the expansion of (1 +bx)(1 +ax)* are 1 and 

HIE find the possible value of a and of b. © 
14 Find the ratio of the 6th term to the 8th term in the expansion of (2x + 3)!" when 


xa3 
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15 In the expansion of (1 + px)(1 + qx)* in ascending powers of x, the coefficient of the 
xterm is -5 and there is no x° term. Find the value of p and of q. 


16 If the fifth term in the expansion of (x + ty is independent of x find the value of n. 


17 In the expansion of (x? + 3)’, find which term will have the form 4 where A is an 
integer. Hence find the value of A. 


18 The first three terms in the expansion of (1 + x + ax2)" are 1 + 7x + 14x, Find the 
values of n and a. 


19 (a) Obtain the expansions of (1 + x)° and (1 + x°)* in ascending powers of x. 
(b) Show that (I+ x)(1+x2)=14+x+24+2. 
(©) Hence find the first four terms in the expansion of (1 +.x +2 +.x°)' in ascending 
powers of x. 


20 For what value of x is the fifth term of (1 + 2x)'® equal to the sixth term of (2 + x)"? 
2 Show dat @) C- EY = 3 -3¢r-}) and 

(b) (e- f= - fe - 50 - ) + 100- F). 

Hence show that x5 — 3s = p’ + Sp? + Sp where p= x- 1. 
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Radians, Arcs 
and Sectors 


‘The practical unit of measurement for angles is the degree (°) which is 344 th of a com- 
plete revolution. The number 360 comes from Babylonian times but it is an arbitrary 
choice. There is another system of measurement called circular or radian measure 
which is more suitable for further mathematics, particularly in Calculus. This system does 
not depend on the choice of any particular number. 





RADIAN MEASURE ee 


Inaccircle of radius r, centre O, we take an 
arc AB also of length r (Fig. 6.1a). Then 

the angle AOB is the unit of radian r 
measurement, one radian. 

In Fig. 6.1b, for example, arc PQ = }r so 

2P0Q = } radian. If are PR = 2r, then ° r Aa 
ZPOR is 2 radians, and so on. If the arc is 

kr then the angle subtended is k radians. 

Note that the size of 1 radian does not 

depend on the length of ror on any arbitrary 

number. 

So we define 1 radian thus: 


eae ee 


R 2r. 


7 
a" 
° r 


Fig. 6.1b 
i 





One radian is the angle made by an arc of length 
equal to the radius. 


@ radians is sometimes written @ rad or 6 or 6 but normally 
just as 8, So we write sin @ meaning sin (@ radians). If degree 
measure is used, the degree symbol © must be written. 

Now the circumference of a circle of radius r has length 2nr (Fig.6.2). 


Fig. 6.2 
So a complete revolution is 2m radians = 360°. 
Therefore rad = 180° 


Hence 3 rad = 90°, rad = 45°, etc. 

xrad =(480°) and x° = 75 rad. 

As m rad = 180°, then 1 rad = (182) = 573°, 

This value cannot be found exactly as 7 is an irrational number. Usually radian measures 


are left as multiples of m, for example 3 x. 


Tables or calculators may be used if necessary for conversion. When we use a 
calculator to work with trigonometrical ratios (sine, cosine and tangent) involving radi- 
ans, it is convenient to put the calculator in the ‘radian’ mode. The input and output of 
angles will then be in radians, 


Example 1 


Convert (a) 36° to radian measure and (b) ° to degree measure. 


(a) 180° = mrad so 36° = 745 x 36 = § rad. 
(b) m rag = 180° so SF rad = 5 x BP = 150°. 
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Example 2 
Find the value of (a) sin 0.4 (b) tan 1.5, 


Put the calculator in ‘radian’ mode and key in the appropriate function. 
(a) sin 0.4 = 0.389 
(b) tan 1.5 = 14.1 








Example 3 
Find the value of @ (in radians) for 0< 0< 3 if 
(a) cos 0= 0.5 (b) tan @ = 0.5 


Again put the calculator in the ‘radian’ mode. 
(a) cos 8 =0.5 
@ = cos! 0.5 = 1.05 rad 
(b) tan 0=05 
6 = tan"! 0.5 = 0.46 rad 











Exercise 6.1 (Answers on page 619.) 
1 Convert the following radians to degree measure: 
(a) § ow % © ¥ @) 4x ©: 5 
() me) ¥ OF (k) 2 
2 Convert the following to radian measure as a multiple of n: 


(a) 30° (b) 135° (c) 270° (d) 540° (e) 105° 
(f) 40° (g) 200° (h) 223° (i) 400° @ 75° 


3 Find the value of 
(a) sin? (b) cos} (©) tan F(A) cos F 
@) sin} ( sin2 — (g) cos. 0.5 


4 Find the value of @ (in radians) for 0< <5 if 
(a) sin@=0.5 (b) cos @ = 0.6 
() wn@=15 (d) cos 6 = 0.25 


5 Find the value of @ — sin @ if @ = 0.75 rad. 


6 Using a calculator, investigate the value of “4% when @ is small. 
(Take 0 = 0.5, 0.3, 0.1, 0.05, 0.01 for example). 


113 


LENGTH OF AN ARC 


In Fig.6.3, the arc AB is of length s in a circle with centre O Fig. 6.3 
and radius r. The arc subtends an angle of @ radians (ZAOB) 
at the centre, B 


‘As we saw above, an arc of length kr subtends an angle of k 
radians, Here the arc length is s so s = kr and k= {= @. r 


This formula is only valid if 8 is in radians. 


If ZAOB = 6°, then s = mr x 785. The formula i 
radian measure. 





simpler in 


Example 4 


Ina circle of radius 8 cm, find 
(a) the length of the arc which subtends an angle of *¥ radians at the centre, 
(b) the angle subtended by an arc of length 6 cm. 


(a) s=r0=8x *F = 6m (~ 18.8 cm) 








AREA OF A SECTOR OF A CIRCLE 


In Fig.6.4, AOB is a sector of angle @ rad in a circle with Fig. 6.4 
centre O and radius r. ZAOB = 6 rad. 








B 
The area of the sector will be proportional to 8. 
f sector AOB 8 
Hence "Shes ofcimie = 2x and c 
area of sector = 2 x nr = $778. 
A 
Area of sector of angle 0 = ° 7 A 





Once again, this formula is only valid if @ is in radians. 





Example 5 


In Fig.6.5, 0 is the centre of a circle of radius r and ZAOB = 8. State 
(a) the area of sector AOB 

(b) the area of AAOB. 

Hence deduce the area of the segment which is shaded. 

(c) Find the difference in length between the arc AB and the chord AB. 


14 


Fig. 6.5 





(@) Area of sector = 37°0 
(b) Area of AAOB = $7° sin 6 (using the formula: area of A. 
Hence the area of the segment = $7°8 — 57° sin @ = 37°(0 ~ sin 8). 


(©) Length of arc AB = r8 
‘The length of the chord AB is found from the 
isosceles AAOB (Fig.6.6), where AD is the 8 
perpendicular bisector of AB. 
ZDOA= $ 
Then AD =r sin $ and AB = 2rsin $. 
Hence the difference in length between arc AB 
and chord AB Ls 
=1r8~2rsin $= (@-2ssin $). 2 r 





Fig. 6.6 











Example 6 


O is the centre of a circle of radius 6 em. AOB is a 
sector of angle § (Fig.6.7). Find 
(a) the area of sector AOB, 
(b) the area of segment ABC, 
(c) the difference in length between arc AB and 
chord AB. 


(a) Area of sector = 37°@ 





x36x § 
mR (~ 18.8 cm?) 
(b) Area of segment = area of sector ~ area of A. 
-}xexsin § 
= 6n— 18 x 0.866 = 3.26 cm? 
Difference in lengths = r@ — 2r sin $ 
=6x F- 12 sin § 
= 2n - 6 (as sin § = 0.5) = 0.28 cm 








© 





Fig. 


67 





1s 








Example 7 


In Fig.6.8, OACB is a sector of a circle centre O and radius 5 cm. AB = 8 cm. Find 
(a) @in radians, 
(b) the length of the arc ACB. 


Fig. 6.8 ° 
° 

(a) If OD bisects ZAOB (Fig.6.9) Fig. 6.9 
then D is the midpoint of AB and BD = 4 cm. 
Then sin 2 = $ and $ = 0.927 rad. Aa 5 
0 = 1.85 rad 

(b) Length of the arc = 5 x 1.85 = 9.25 cm 5 

° 











Example 8 


A circular disc, centre O and radius 30 cm, rests on two vertical supports AB, CD, 
each 20 cm tall and 45 cm apart (Fig. 6.10). Calculate, correct to 3 significant figures 
(a) ZAOC in radians, 

(b) the height of the lowest point of arc AC above BD, 

(c) the fraction of the area of the disc that lies above the level of AC. 


Fig. 6.10 2 aan 
Take ZAOC = 6. 
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fer 
20 


Fig. 6.11 t i 


(a) In Fig. 6.11, OM bisects ZAOC, AM = 22.5, OA = 30 and ZAOM = &. 
OM? = 30? - 22.5? giving OM = 19.8 cm. 


225 sq 9 = 0,848 rad and @ = 1.70 rad. 
(b) L is the lowest point of AC. OL = 30 and OM = 19.8 so ML = 10.2. 
‘Then ML + x = 20 so.x = 9.8 cm, 
(©) Area of the disc = nr = 900r ci 
Area of segment ALC = } x 30° x @ ~ 1 x 30? x sin® 


= 450(1.70— sin 1.70) = 318.8 cm?” 
Then area above AC = 900x - 318.8 and fraction of area above AC 


= 200n - 3188 _ 
oO = 0.887. 























Example 9 


The area of the sector OAB (Fig.6.12) is 150 cm*. Calculate 

(a) 0 (in radians), 

(b) the length of arc AB. 

(c) If this sector is folded up to form a cone, what is the radius of the cone? 


oO” 120m 


30 = 150 
Then 5 x 1440 = 150 and @ = 2.083 rad. 
(b) Length of arc = r0 = 12 x 2.083 = 25.0 em 


(©) When folded up, the arc AB becomes a circle of radius, say R (Fig.6.13). 
Then 2nR = 24.96 and R = 3.97 cm. 
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Fig.6.13 


Example 10 


A sector of a circle has radius r and angle @ Find the value of 8 correct to 
3 significant figures if the perimeter of the sector equals half the circumference of| 
the circle. 


‘The perimeter of the sector = r+ r + r8 = r(2 + 8). 
Then r(2 + 8) = nr and 2 + 6 = 7 giving @ = m -2 = 1.14 rad. 


Example 11 


A sector of angle @ in a circle of radius r cm has an area of 5 cm* and its perimeter 
is 9 cm. Find the values of r and @. 


Area = 378 = 5 so °@ = 10 @ 
Perimeter = r-+r +18 = 2r +18 =9 
We solve these two equations. 


Substitute in (ii), 2 + r 4? = 9 which gives 27? + 10 = 9r or 2? - 9r + 10 =0. 
Hence (2r — 5)(r — 2) = 0 and r = 2! or 2. cm. 
From (i), the corresponding values of @ are 1.6 or 2.5 rad. 





Exercise 6.2 (Answers on page 619.) 
Where the answer is not exact, 3-figure accuracy is sufficient. 


1 The length of an arc in a circle of radius 5 cm is 6 cm. Find the angle subtended at the 
centre. 
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2 An arc of length 5 cm is drawn with radius 3 cm. What angle does it subtend at the 
centre? 


3 The area of a sector of a circle is 9 cm*. If its radius is 6 cm find the angle of the sector 
and the length of its arc. 


4 The area of a sector of a circle is 15 cm? and the length of its arc is 3 cm. Calculate 
(a) the radius of the sector and (b) its angle. 


5 Find the missing values in the following table for sectors: 





Radius | Z of sector | Length of arc | Area of sector 
(cm) (radians) (cm) (cm*) 

(a) 4 13 

(b) 08 8 

© 8 16 

@ 3 18 

©) 04 72 














6 A sector of a circle of radius 4 cm has an angle of 1.2 radians. Calculate 
(a) the area of the sector, 
(b) its perimeter. 
7 In Fig. 6.14, DOBC is a semicircle, centre O and radius 6 cm. AC is perpendicular to 
DOB where AB is 2 cm. 
Calculate 
(a) the length of AC, 
(b) COA in radians and 
(c) the perimeter of the shaded region. 
(a) Express the area of the shaded region as a percentage of the area of the semicircle. 


c 


B85 (0: A2B 
Fig. 6.14 
8 If the area of a sector is 6.4 cm? and its angle is 0.8 radians, calculate the radius of the 
sector. 


9 A chord AB is 8 cm long in a circle of radius 5 em. Calculate 
(a) the angle it subtends at the centre of the circle, 
(b) the length of the shorter arc AB. 
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10 The perimeter of a sector is 128 cm and its area is 960 cm’. 
Find the possible values of the radius of the sector and its angle. 


11 A wheel of radius 0.6 m rotates on its axis at a rate of 4.5 radians per second. 
Calculate the speed with which a point on its rim is moving. 

12. A disc is rotating at 33} revolutions per minute. 
(a) At what rate, in radians per second, is it rotating? 
(b) At what speed, in metres per second, is a point on the rim moving, if the radius 

of the disc is 15 cm? 

13 Fig.6.15 shows a cross-section through a tunnel, which is part of a circle of radius 
5 m. The width AB of the floor is 8 m. Calculate 
(a) the angle subtended at the centre of the circle by the chord AB, 
(b) the length of the are ACB. 


Fig. 6.15 A mB 


14 Fig.6.16 represents the action of a windscreen wiper of a car. It rotates about O and 
travels from AB to A'B’and back. Calculate 
(a) the area AA’B’B swept clear, 
(b) the perimeter of this area. 


A 


% 
& OY 
B IN “8 
25 em NO” 


Fig. 6.16 ° 


15 A cylindrical barrel floats in water (Fig. 6.17). The diameter of the barrel is 120 cm 
and its highest point P is 80 cm above the water level AB. 
(a) Calculate ZAOB in radians, where O is the centre of the circular face. 
(b) What fraction of the volume of the barrel is below the water line? 





Fig. 6.17 


16 Ina circle centre O, AOB and COD are two concentric sectors as shown in Fig.6.18. 
‘The lengths of the arcs AB and DC are 2.8 cm and 2 cm respectively and AD = 2.cm. 
Calculate 


(a) the length of OC, 
(b) ZAOB in radians, 
(©) the area of ABCD. 


Fig. 6.18 ° c 8 


17 In Fig.6.19, the chord AB, of length 8 cm, is parallel to the diameter DOC of the 
semicircle with centre O and radius 5 cm. Calculate 
(a) ZAOB in radians, E Fig. 6.19 
(b) the area of the segment ABE, 
(c). what fraction the area of the segment 
ABE is of the area of the semicircle. 
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18 A wheel of radius 20 cm rolls without slipping on level ground. A point P on the rim 
is in the position P, at the start (Fig.6.20), When the centre of the wheel has moved 
through 50 cm, P is now in the position P,. Calculate the angle (in radians) through 
which the wheel has tumed. 


Fig. 6.20 





19 A piece of wire, 10 cm long, is formed into the shape of a sector of a circle of radius 
cm and angle @ radians. 
(a) Show that @ = 10=2"_ 
(b) Show also that the area A cm? of the sector is given by A = Sr - 
(©) If 4A $6 and @ <3, find the limits within which r must lie. 


20 In Fig.6.21, O is the centre of the circle containing the sector OAB. DC is a parallel 
arc and BC = 3 cm. 





Fig. 6.21 





If OC =r cm and ZAOB = @ rad, show that Ae 

(a) the shaded area = $ (6r + 9) em?, ° 

(b) the perimeter of the shaded area equals 6 + @(2r + 3) cm. 

(c) Given that the shaded area is three-quarters of the area of the sector OAB, 
calculate the value of r. 

(@) If, however, the total perimeter of the shaded area equals the total perimeter of 
the sector OAB, find the value of 8. 


SUMMARY 


© 1 radian is the angle subtended by an arc of length equal to the radius, 
© mrad = 180° 

© Length s of an are of radius r subtending an angle @ is s = r0 (0 in radians). 
3°0 (0 in radians) 





© Area A of a sector of radius r and angle 0 is A 





REVISION EXERCISE 6 (Answers on page 620.) 
Where the answer is not exact, 3-figure accuracy is sufficient. 


A 


1 In Fig.6.22, ADB is a semicircle with centre O and radius 20 em. DC is perpendicular 
to AB where C is the midpoint of OB. Calculate 6 ae 
(@) ZDOC in radians, 

(b) the area of the shaded region. 


A 2m 0 C B 
Fig. 6.22 
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2 Fig.6.23 shows a circle, centre O, radius 10 cm. The tangent to the circle at A meets 
OB produced at T. Given that the area of the triangle OAT is 60 cm? calculate the area 
of the sector OAB. © 





Fig. 6.23 


3 In Fig.6.24, O is the centre of the sector OAB. CD is another arc, with centre O and 


radius r cm. DB = 2 cm. If the area of ABDC is one-third the area of the sector OCD, 
find the value of r. 
A 


Fig. 6.24 ° D2cm B 


4 In Fig.6.25, ADC is an arc of a circle, centre O, radius r and ZAOC = 26 radians. 
ABC is a semicircle on AC as diameter. Show that AC = 2r sin 6. 


Find expressions, in terms of r and @, for the areas of 

(i)_ the sector OADC, 

the segment ADC, 

(iii) the shaded region. © 





Fig. 6.25 





5 OBD is a sector of a circle with centre O and radius 6 cm. ZBOD = cd 


A is a point on OB where OA = 2 cm and C is a point on OD such that OC = 4 cm. 
Find the area of the region bounded by BA, AC, CD and the arc BD. 


6 Fig.6.26 shows a circle, centre O, radius 5 cm and two tangents TA and TB, each of 
length 8 cm. Calculate 
(i) ZAOB, 
(ii) the length of the arc APB, 
(iii) the area of the shaded region. ( 


Fig. 6.26 





7 Fig.6.27 shows part of a circle centre O of radius 6 cm. 
(i) Calculate the area of sector BOC when @ = 0.8 radians. 
(ii) Find the value of @ in radians for which the arc length BC is equal to the sum of 


the arc length CA and the diameter AB. © 
c 
Fig. 627 A “Oo 8 


8 In Fig.6.28, OAB is an equilateral triangle of side 10 cm. The arc ADB is drawn with 
centre O. A semicircle is drawn on AB as diameter. Find the area of the shaded 
region. 


Fig.6.28 





9) Fig.6.29 shows the circular cross-section of a uniform log of radius 40 cm floating in 
water. The points A and B are on the surface and the highest point X is 8 cm above 
the surface. Show that ZAOB is approximately 1.29 radians. Calculate 
(i) the length of the arc AXB, 

(ii) the area of the cross-section below the surface, 
(iii) the percentage of the volume of the log below the surface. © 
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Fig.6.29 


10 Fig.6.30 shows two arcs, AB and CD, of concentric circles, centre O. The radii OA 
and OC are 11 cm and 14 cm respectively and ZAOB = @ radians. 
Express in terms of @ the area of 
(i) sector AOB, 
(ii) the shaded region ABCD. 


Given that the area of the shaded region ABCD is 30 cm?, calculate 
(iii) the value of ®, 
(iv) the perimeter of the shaded region ABCD. © 





Fig. 6.30 


11 Fig. 6.31 shows a semi-circle ABC, with centre O and radius 4 m, such that angle 
BOC = 90°. 
Given that CD is an arc of a circle, centre B, calculate 
(a) the length of the are CD, 
(b) the area of the shaded region. © 


Fig. 6.31 A DdDO4m B 


B 
12 In Fig.6.32, ABCD is a square of side 4 cm. Equal arcs AE and EB are drawn with 
radius 4 cm and centres B and A respectively. Calculate the area of the shaded region. 


o c 


Fig, 6.32 A 4om B 


13 The two circles in Fig.6.33 have centres A and B and radii 5 cm and 12 cm 
respectively. AB = 13 cm. Calculate the area of the shaded region. 





t 
I t 
Fig. 6.33 sons 


14 A sector of a circle radius r has a total perimeter of 12 cm. If its area is A cm*, show 
that A = 6r — P. Hence find the value of r for which A is a maximum and the corre- 


sponding value of the angle of the sector in radians. 
15 In Fig.6.34, the sector OAB has centre O and radius 6 cm and ZAOB = § radians. 

OC is the bisector of ZAOB and P is the midpoint of OC. An arc DE of a circle is 

drawn with centre P to meet OA and OB at D and E respectively. 

(a) Find the size of ZOPD. 

(b) Calculate the area of the shaded region. c 


new lf 


16 In Fig.6.35, ABCD is a thombus of side x and ZA = @ radians. Arcs each of radius 
are drawn with centres A, B, C and D. If the shaded area is half the area of the 
thombus, show that sin @ = 2¥ and find the two possible values of @. 


x3 


“Y 


Fig. 6.35 


17 A,B and C are three points in that order on the circumference of a circle radius 5 cm. 
‘The chords AB and BC have lengths 8 cm and 4 cm respectively. Find the ratio of the 
areas of the minor segments on AB and BC. 


Trigonometry 


TRIGONOMETRIC FUNCTIONS 
FOR A GENERAL ANGLE 


The trigonometric functions sine, cosine and tangent of an angle @ were originally defined 
as ratios of the sides of a right-angled triangle, i.e. for a domain 0° < @ < 90°. We now 
extend the definition to deal with any angle (the general angle). 

The actual values of sin @, cos @ and tan @ for any given angle can be found directly 
using a calculator. To solve equations, however, we must know how to use these 
definitions inversely. 

Suppose the arm OR (of unit length) in Fig.7.1 can rotate about O in an anticlockwise 
direction and makes an angle @ with the positive x-axis. We divide the complete 
revolution into 4 quadrants and take the positive y-axis at 90°. Let (x,y) be the coordi- 
nates of R. x and y will be positive or negative depending on which quadrant R lies in. 





Rix y) 








1st 
quadrant 


2nd 
quadrant 


180° 


3rd 4th 
quadrant quadrant 
Fig.7.1 270° 
We define sin @ = =eeeninae of R 


T 
cos @ = £seouinue of 


tan = Ste oo 
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Note that both | sin @ | and | cos @ | are less than or equal to 1 as both |x| and | y | are 
less than or equal to 1, but that tan @ can have any value. In the first quadrant, where 
0° $ 8 < 90°, each of these functions will be positive (Fig.7.2). 


Fig. 72 


In the second quadrant (Fig.7.3), where 90° < @ < 180°, the angle @ is linked to the 
corresponding angle 180° — @ in the first quadrant. 


sin @ = +y = sin(180° - @) Fig.7.9 
cos @ = -x = —cos(180° - 8) 
tan @ = +2 = —tan(180°-@) 








For the third quadrant (Fig.7.4), where 180° < @ < 270°, the corresponding angle in the 
first quadrant is 8 - 180°. 


sin@ = -y = —sin(@- 180°) 
cos @= -x = ~cos(@— 180°) 


tan @ = = = tan(6 ~ 180°) 


Fig.7.4 





For the fourth quadrant (Fig.7.5), where 270° < @ < 360°, the corresponding angle in 


the first quadrant is 360° — 0. 
sin @ = -y = —sin(360° - 6) 
cos @= +x = cos(360° - 6) 
tan@ = 3 = —tan(360°-@) 


Fig.7.5 








Summarizing: 
SIN+ All+ 
sin @ =  sin(180° - 0) sin @ 
cos @ = ~cos(180° - 8) cos @ 
tan @ = -tan(180° - @) tan @ 
2nd | Ist 
3rd | 4th 
sin @ = -sin(@ - 180°) sin @ = -sin(360° - 0) 
cos @ = ~cos(8 — 180°) cos 8 = cos(360° - 6) 
tan @ = tan(@— 180°) tan @ = ~tan(360° - 8) 
TAN + COs + 


Each function is positive (+) in the first quadrant and one other. 
Each function is negative (-) in two quadrants. 


Note on Special Angles 30°, 45°, 60° 


As these angles are often used, it will be useful for future work to have their trigonom- 
etrical ratios in fractional form. 


45° 


In Fig.7.6(a), ABC is an isosceles right-angled triangle with AB = BC = 1. Hence 
AC = V2 and ZA = ZC = 45°, 





c 
LI | 
Fig.7.6 4 i, 5 
@ 


cos 45° 


- 


Then sin 45° = 
tan 45° = 


30°, 60° 


In Fig.7.6(b), ABC is an equilateral triangle with side 2. 
CD is the perpendicular bisector of AB so AD = | and CD = V3. 
ZA = 60° and ZACD = 30°. 





Then sin 60° = cos 30° = “G 
sin 30° = cos 60° = } 


tan 60° = V3, tan 30° = J 


Using the special ratios above, the ratios for other angles related to 30°, 45° and 60° can 
be found in a similar form if required. 

For example, cos 210° = -cos(210° — 180°) = -cos 30° 
Copy and complete this table: 





8 120° 135° 150° 210° 240° 300° 315° 330° 





sin 8 





cos 8 





























tan 8 





NEGATIVE ANGLES 


If the arm OR rotates in a clockwise direction (Fig.7.7), it will describe a negative angle, 
~8. To find the value of a function of a negative angle, convert the angle to 360° - @ or 
2n - 6, if working in radians. 


Fig.7.7 





Thus sin(—30°) = sin 330°, tan (~ $) = tan(2n — 3) = tan( 5 ) and so on. 
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BASIC TRIGONOMETRIC EQUATIONS 


We apply the above trigonometric functions to the solution of basic trigonometric 
equations, i.e. equations in one function such as sin @ = 0.44, cos @ = -0.78 or tan @ = 
1.25. As we shall see later, all other equations are reduced to one (or more) of these. A 
basic equation will usually have two solutions for 0° < @ < 360°, 





To solve a basic equation, such as sin 
step I find the Ist quadrant angle ot for which sin o = | |; 
step 2. find the quadrants in which @ will lie; 

Step 3 determine the corresponding angles for those quadrants, 


Unless exact, angles in degrees are to be given to one decimal place. 





Example 1 
Solve (a) sin @ = 0.57, (b) sin @ = ~0.38 for 0° $ @< 360°. 


(a) If sin & = 0.57, then a = 34.75°. 
6 will lie in the Ist and 2nd quadrants (8 and 180° — 6) 
Then @ = 34.75° or 180° — @ = 34.75° i.e. @ = 145.25°. 
The solutions are 34.8° and 145.3°. 
(b) From sin o = +0.38, & = 22.33°. 
@ will lie in the 3rd and 4th quadrants. 
Then 6 - 180° = 22.3° or 360° — 6 = 22.3° giving 6 = 202.3° and 337.7°. 











Solutions for the equations cos @ = k and tan @ = k are found in the same way. 





Example 2 
Solve (a) cos @ = -0.3814, (b) tan @ = 1.25 for 0° < @< 360°. 


(a) The Ist quadrant angle for cos o = +0.3814 is 67.58°. 
6 lies in the 2nd and 3rd quadrants. 
Then 180° — 6 = 67,58° or 6 — 180° = 67.58° giving @ = 112.4° and 247.6°. 


(b) The Ist quadrant angle for tan @ = 1.25 is 51.34°. 
@ lies in the 2nd and 3rd quadrants. 
Then @ = 51.34° and 6 — 180° = 51.34° ie. 8 
Hence the solutions are 6 = 51.3° and 231.3°. 


231.349. 





| Example 3 
Solve the equation 3 cos? @ +2 cos @ = 0 for 0° < @< 360°. 


‘The left hand side factorizes giving cos @(3 cos @ + 2) = 0 which separates into 2 basic 
‘equations: 








cos 8 =0 
and 3 cos @ +2 = 0 which gives cos @ = — 
Note: Do not divide through by the factor cos @. This would lose the equation 
cos @ = 0. Never divide by a factor containing the unknown angle. 
For cos 6 = 0, 6 = 90° or 270°. 
For cos @ = ~0,6667, @ lies in the 2nd and 3rd quadrants. 
The Ist quadrant angle is 48.19°. 
‘Then 180° ~ 6 = 48.19° and @ ~ 180° = 48.19° giving @ = 131.8° and @ = 228.2°, 
Hence the solutions are 90°, 131.8%, 228.2° and 270°. 











Example 4 
For 0°'s 6 < 360°, solve 6 cos? @ + cos @ = 
This 





‘a quadratic equation in cos @: 


6 cos? @ + cos @B~ 1 =O 
and so (3 cos 8 - 1)(2 cos @ + 1)=0 


which separates into cos @ = 0.3333 and cos @ = -0.5. 
Verify that the solutions are @ = 70.5°, 120°, 240° and 289.5°, 











Example 5 

Solve the equation sin(@ ~ 30°) = 0.4 for 0° < 8 < 360°. 
Write 9 = 6 - 30°. 

Then sin @ = 0.4. 

Solve for 9. 

Verify that 9 = 23.6° and 156.4°. 

Then @ = 53.6° and 186.4°. 








OTHER TRIGONOMETRIC FUNCTIONS 


There are three other functions which are the reciprocals of the sine, cosine and tangent. 
They are 
cosecant: cosec @ = 


sin® 
S al 
secant: sec® = ay 
1 
cotangent: cot@ = —— 
es i tan 
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Example 6 
Solve (a) cosec @ = -1.58, (b) 4 cot @ = tan @, for 0° < 8 < 360°. 


(a) Replace cosec @ by as 
aig = 7158 50 sin @ = - 345 = 0.6329 


Now verify that @ = 219.3° or 320.7°. 
(b) Replace cot @ by aby 
Then —4. = tan @ ive. tan? @ = 4, 
tan @ 


So tan @ = +2 (NB: don't forget the negative root) 
Verify that the solutions of these equations are 63.4°, 116.6°, 243.4° and 296.6°. 











Exercise 7.1 (Answers on page 620.) 











1 Solve the following equations for 0° < @ < 360°: 
(a) sin® (b) cos 6 = 0.762 (©) tan @=1.15 
(d) cos @ = -0.35 (e) sin @ =-0.25 ( tan@=-081 
(g) sin@=-0.1178 —(h) sin @ =-0.65 (i) cos 8 = 0.23 
@) tan @=-1.5 (k) cosec @ = 1.75 ) cos @=~0.14 
(m) sec @=-1.15 (m) cot 8 = 0.54 (0) sec @= 2.07 
2 Solve the following equations for 0° < @ < 360°: 
(a) 5 sin? =2sin@ (b) 9 tan @ =cot 6 
(c) 3tan? @+5tan@=2 (d) 4 cos? 6 +3 cos @=0 
(e) 5 sin? @=2 (f) 6 sin? @+7sin@+2=0 
(g) cos(@ + 20°) = -0.74 (h) tan(@ ~ 50°) = -1.7 
(i) 3 sin? @ 4sec 6=5 
(k) cos (@) 6 sin? 6 =2+sin0 
(m) 2 sec? @ = 3-5 sec ® (n) sec(@ — 50°) = 2.15 





(0) sin(® + 60°) = -0.75 
3 Find @ for 0° < 8 < 360° if 3 cos* @-2=0. 
4 If 5 tan 0 + 2 =0, find 6 in the range 0° < @ < 360°. 
5 Solve the equation 5 cos @ ~ 3 sec 8 = 0 for 0° < @ < 360°. 
6 Find all the angles between 0° and 180° which satisfy the equations 


(a) sin x =0.45 (b) cos y = -0.63 (c) tan @ = 2.15 
7 Find the values of 
(a) sin(-30°) (b) cos(—%) © oes (@) sec(-150°) 
(©) cot-300°)(f) sin(-$8) (g) cosec(- 
8 Show that 
(a) sin(-0) =-sin ®, — (b)_cos(-9) = cos @, (©) tan(-8) = -tan 0. 
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9 Solve the equations 
(a) sin(-8) = 0.35, (b) sin(-8) = -0.27 
(c) cos(-8) = -0.64 (d) tan(-8) = 1.34, 
for 0° < @ < 360°. 


GRAPHS OF TRIGONOMETRIC FUNCTIONS 


sin 6 and cos 6 


Complete the following table of values of sin @ and cos 9, taking a domain of 0° to 360° 
at 30° steps: 





9 | o° 30° = 60° 90% 120° 150° 180°... |= 270°. 360° 
sin@ 0 05 1 o -l 0 
cos @ 1 05 0 -1 1 


Plot these values on graph paper using scales of say 1 cm = 30° on the @-axis and 
4.cm= 1 unit on the function axis (Fig.7.8). 





‘The graph shows one cycle of each function. Fare 


The sine curve has a maximum of 1 when @ = 90° and a minimum of -1 when @ = 
270°. The cosine curve is identical to the sine curve but is shifted 90° to the left. This 
difference is called the phase difference between the two functions. 

For angles greater than 360° or less than 0° the curves repeat themselves in successive 
cycles (Fig.7.9). Functions which repeat themselves like this are called periodic func- 
tions. The sine and cosine functions each have a period of 360° (or 2m). Hence 


sin(@ + 360°) = sin @ or cos(@ + 2nk) = cos @ 
where n is any integer. This means that we can add or subtract 360° from any solution of 
sin @ = k or cos @ = k and obtain other solutions outside the domain 0° < @ < 360°. 
For example, if the solutions of sin @ = 0.5 for 0° < @ < 360° are 30° and 150°, then 
30° + 360° = 390° and 150° ~ 360° = -210° are also solutions of the equation. These 
solutions are marked by dots on the graph of sin @ in Fig.7.9. 
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tan 0 


Values of tan @ begin at 0 for @ = 0°, increase to 1 when @ = 45° and then increase rapidly 
as @ approaches 90°. tan 90° is undefined. Between 90° and 270° the function increases 
from large negative values through 0 to large positive values. The curve approaches the 
90° and 270° axes but never reaches them. Hence the curve consists of 3 separate 
branches between 0° and 360° (Fig.7.10). 


neon 























Fig.7.10 



































tan @ is also a periodic function but with a period of 180°. Hence tan(8 + nm) or 
tan(® + 180°) = tan @ where n is an integer. 
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MULTIPLE ANGLE FUNCTIONS 


Functions such as sin 26, cos $, etc. are multiple angle functions as 20, § are multiples 
of 8. 





Example 7 


(a) Sketch the graph of y = sin 20. 

(b) Solve the equation sin 20 = 0.55 for 0° < @S 360° and show the solutions on the 
graph. 

(a) If the domain of @ is 0° to 360°, 20 will take values from 0° to 720°. Hence the 
curve completes two cycles as @ increases from 0° to 360° (Fig.7.11). 


y=sin26 


Fig.7.11 





(b) For convenience, write 26 = 9 so sin 9 = 0.55. 
@ lies in the Ist and 2nd quadrants so ¢ = 33.37° or 180° - ¢ = 33.37°. 
Hence ¢ = 33.37° or 146.63°. 


But 9 takes values from 0° to 720°, so we add 360° to each of these to obtain 
further solutions. 


Then 9 = 28 = 33.37° or 146.63° or 393.37° or 506.63°. 
Hence © = 16.7° or 73.3° or 196.7° or 253.3°. 





So we obtain 4 solutions, 2 for each cycle. These solutions are marked on the 
graph. 

Note that all the solutions for 20 must be obtained first before dividing by 2 to 
obtain the values of @, which are then corrected to 1 decimal place. 











Example 8 
(a) Sketch the graph of y = cos § for 0° < @< 360°. 
(b) Solve the equation cos % = 0.16 for this domain. 


2 
(a) If the domain of @ is 0° to 360°, then $ will take values from 0° to 180° only. So 
the graph will be a half-cycle of the cosine curve (Fig. 7.12). 
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(b) Write § = 0. Then cos 0 = -0.16. 
® lies in the 2nd and 3rd quadrants. 


Then 180° — 9 = 80.79° or @ — 180° = 80.79°. 
Hence ¢ = 99.21° or 260.79° and therefore @ = 198.4° or 521.6°. 


The second solution is outside the domain and is therefore discarded. 
The only solution to the equation is @ = 198.4°. This is to be expected as there is 
only a half cycle of the function. 











Example 9 

Solve the equation 5 sin 32 +4 =0 for the domain 0° < @< 360°. 
Let 4 =9. Then sing =- $ =-08, 

@ lies in the 3rd and 4th quadrants. 

Then g — 180° = 53.13° and 360° — 9 = 53.13°. 

Hence 9 = 233.13° or 306.87°. 


If the domain of @ is 0° to 360°, then 9 = 2% takes values from 0° to 270°. 


Hence the only solution is @ = 233.13° i.e. @ = $ X 233.13° = 310.8°. 
(@ = 306,87° would give @ = 409.2°). 








Example 10 
Solve cos(20 + 60°) = -0.15 for 0° $ 8< 360°. 


Put @ = 26 + 60°. Then cos 9 = -0.15 giving @ = 98.63° and 261.37°. 
However if the domain of @ is 0° to 360°, then the domain of @ is 60° to 780°. 
So we must add 360° to each of the above values. 

Therefore @ = 26 + 60° = 98.63° or 261.37° or 458.63° or 621.37° 

and hence © = 19.3? or 100.7° or 199.3° or 280.7°. 
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Exercise 7.2 (Answers on page 620.) 


1 Sketch the graphs of (a) y = sin 38, (b) y = cos 30 for 0° < @ < 360°. 
‘What is the period of each of these functions? 


2. Sketch the graphs of (a) y = tan 20, (b) y= tan § for 0° <6 < 360°. 
3 On the same diagram, sketch the graphs of y = sin 20 and y = cos @ for 0° < @ < 360°. 
How many solutions of the equation sin 20 = cos @ are there in this domain? 


4 Sketch on the same diagram, the graphs of y= sin § and y = cos @ for 0° $ @ < 360°. 
State the number of solutions which the equation sin $ = cos @ will have in this 
domain. 

5 On the same diagram, sketch the graphs of y=cos 38 and y= sin § for 0° <0< 360°. 
State the number of solutions of the equation cos 3@ = sin $ you would expect to 
obtain in this domain. 

6 Solve, for 0° < @ < 360°, the following equations: 








(a) sin 20 = 0.67 (b) cos 30 = 0.58 
© tan $ =15 
(©) 300s 20=2 
(g) sin § =-0.28 i) 3mm 29+1=0 
( 3sin B22 @ 4cos ¥+3=0 
(k) 2cosec 26 +3=0 @ cot § =1.35 
(m) cos 2 = } (0) tan 20=-1 
(0) 3 sin? 26 +2 sin 20 =1 (p) 2cost $ =cos $ 
(q) sin 20 = -0.76 © se = 1.88 
(0) c0s 28 =-065 (® tan 2 +2=0 
(u) Ssin 2 +3=0 (¥) 2eosee 9 3 

7 For 0° <@ < 360°, solve the following 
(a) sin( $ + 20°) = 0.47 (b) tan(20 ~ 60°) = 1.55 
© cost 8) = 0.75 (@) sin(28 + 80°) = -0.54 


(e) seci(9 — 50°) = 1.2 

8 State the values of (a) sin(30° + 360°), (b) cos(n360° — 50°), (c) tan(45° + 180°) 
where n is an integer. 

9 State the values of (a) sin(2n + 1)m, (b) cos(6m — 1) §, (c) tan(3n + 1) 3, where n is 
an integer. 

10 Solve the equation 4 cos? 72 = 1 for 0° < @ < 360°. 


MODULUS OF TRIGONOMETRIC FUNCTIONS 
| sin @ | has the same meaning as | x |, ie. itis the numerical value of sin 8. For example, 
| sin 300° | = | 0.866 | = 0.866, and so on. 
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Example 11 
For 0° $ @ < 360°, sketch separate graphs of (a) y = 2 sin @, (b) y = [2 sin @|, 
(c) y = 1 + [cos 20], (d) y = 1 - | cos 26]. 


@ ie sketch y = sin @ (Fig.7.13) 
sin @, each value of y = sin @ is doubled to give the graph of 
yoxmia 








Fig. 7.13 


(b) As we did earlier, we reflect the negative part of y = 2 sin @ in the @-axis to obtain 
y=|2sin 0| (Fig.7.14). 


ys |2sin 0 





Fig. 7.14 


(©) First sketch y = cos 20 (Fig.7.15) which has two cycles. Now reflect the negative 
part in the @-axis to obtain 


‘This curve is now shifted up through 1 unit to obtain y = 1 + | cos 20 |. 


















y=1+ Joos 26] 


Fig7.15 0-1 


(d) Start by sketching y = | cos 26 | as in part (c) (Fig.7.16). 
Then obtain y = | cos 20 | by reflection of the whole curve in the @-axis. 
‘This is now shifted up through 1 unit to obtain y = | - | cos 26 | (Fig.7.17). 





y= feos 20) 


/ 
+ NN NL NL yen teos 261 


y= 1- [00s 28] 





Fig. 7.17 
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Example 12 


Sketch on the same diagram, the graphs of y = |2 sin x | and y 
Hence state the number of solutions of the equations | 2n sin x | 
for 0SxS2n. 


We have to work in radians here as y = 3 is a linear equation, 

(= jag is not meaningful.) 

The graph of y = 2 sin x is drawn and then y = | 2 sin x | (Fig.7.18). 

To draw the line y = % we take the points x = 0, y = 0 and x = 2x, y = 2. 





for 0SxS2n, 
and 2n sin x =x 





The equation | 2n sin x | =.xis the same as| 2sinx|= } as is positive. The solutions 
will occur at the intersections of the curve and the line, giving 4 solutions at the points 
marked O, A, B and C. 







(2n.2) 


y= [2sin xl 


Fig.7.18 


The equation 2x sin x =.x is the same as 2 sin x = 3. So we look for the intersections 
of the original curve y = 2 sin x with the line, which reduces the number of solutions 
to 2 (points O and A). 








ee 


Example 13 


Sketch on the same diagram the graphs of y = /2 cos x /and 3y = x for the domain 
0 $x$ 2m. Hence state the number of solutions in this domain of the equation 


6/cos x /= x. 
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Fig. 7.19 


Fig, 7.19 shows the graphs. The graph of 3y =.x ie. y= 2 is the line OP, where O is 
the origin and P is the point (2x, 2 = 2.1). There are 3 solutions to the equation 


| 2cosx | = Sie. 6] cos] =x. 





Exercise 7.3 (Answers on page 621.) 

1 State the values of (a) | sin 200° |, (b) | cos 2 J, (c) sin | -200° J, (d) | tan |, 

2. By sketching the graph of y = sin 26 for 0° < 6 < 360°, find how many solutions the 
equation sin 26 = k will have in this interval, where 0 < k < 1. How many solutions 
will the equation | sin 26 | = k have in the same interval? 

3 Sketch the graphs of y = | cos @ | and y = | cos @ | ~ 1 for 0° < @ < 360°. 

4 On the same diagram, sketch the graphs of y = | sin ®| and y = | cos | for 0° < @< 
360°. How many solutions will the equation | sin @| = | cos @| have in this interval? 

5 Sketch the graphs of y= 1 +2 sin @ and y=| 1 + 2sin | for 0° < © < 360°, On another 
diagram, sketch the graph of y = 1 + |? sin 0 |. 


6 On the same diagram, for 0° < @ < 360°, sketch the graphs of y = 2 cos @ and 
y =| 2-cos 6 |. Now add the graph of y = 1 -| 2 cos |. 





7 On the same diagram, sketch the graphs of y = | 2 cos x| and y = 3 for 0 $x$ 2n. 
Hence state the number of solutions of the equations | 47 cos x| =x and 4x cos x =x 
for 0 $x 2n. 


8 Sketch the graph of y = | tan 0 | for 0° < 0 < 360°. 


9 Sketch on the same diagram the graphs of y = | cos 2x | and 2y = x for the domain 
0 <x < m. Hence state the number of solutions in this domain of the equation 
| 2cos 2x | =x. 

10 For 0 <.x< 2n, sketch the graphs of y =| cos x | and y = sin 2x on the same axes. State 
the number of solutions of the equation sin 2x = | cos x | in this interval. 








11 Sketch the graphs of y =| sin 3x | and 2ny =x for 0 <x < 2m. How many solutions do 
the equations 2m sin 3x = x and | 2m sin 3x | = x have in this interval? 





12 On the same diagram, sketch the graphs of y = | sin x - 1| and y = 2 cos x for 
0 <x 2n. Hence find the number of solutions of the equation 2 cos x = | sin x- 1] 
in this interval. 


IDENTITIES 


We have defined earlier, for an angle 8, sin @ = y, cos @ =x and tan @ = ¥ where (xy) 
were the coordinates of R and OR = 1 unit (Fig. 7.19). 





This is an identity which is true for all values of 8. So we use the symbol = 





sin@ 











‘identical to” or ‘equivalent to’. In any expression, tan @ could be replaced by 3-5 or 
vice-versa. 
As cot 0 = 15, then cot @ = $258 (i) 
From Fig.7.19, x2 + y? = I for all values of x and y. 
Hence sin? @ + cos? @=1 (iii) 
(Note: sin? @ means (sin @)*] 
and sin? 6 = 1 - cos? 6 (iv) 
and cos? 6 = 1 - sin’ 6 (v) 
Taking idemtity (iii), divide both sides by cos? @: 

in? 
then SOF +1 
ie. tan? @+1= sec? 6 (vi) 
Dividing both sides of identity (iii) by sin? 8: 

cos? @ 

then 1+ ‘Sinto = sin? @ 
ie. 1+ cot? @ = cosect @ (vii) 


Summarizing: 








sin 8 — cos 8 
tanO= ose cotlO= rg 
sin? @ + cos? 0 = 
sin? 0 = 1 —cos?® cos? @ = | — sin? @ 
tan? @ + 1 = sec’ @ cot 6 + 1 = cosec? 0 


‘These identities are used to transform trigonometric expressions into another form. 


Example 14 
Prove that cot 8 + tan 8 = cosec 0 sec 8. 
We take one side and convert it to the expression on the other side. It is usually easier 
to start with the side which is more complicated or which involves sums of functions. 
This gives more scope for manipulation. 
Taking the left hand side (LHS): 

cos 8 sin @ 


cot@+tan@= <6 + cose 


cos? @ + sin @ 
sin @ cos @ 





If we start with the RHS, then 
Sia ee 
sin @ cos@ ~ sin @ cos 8 
but it is not obvious that we should now replace | by sin? @ + cos? @. Do this and then 
divide the numerator by sin @ cos ® to complete the proof. 








Example 15 
1 Z 
Show that > sn6 + Tosmo 2280 8 


‘We take the more complicated LHS. 
1 1 -sin@+1+sin@ 


1 
Then TFsin@ * T=sin@ = W+sin a — sin @) 





aS 
= asin 0 


2 
= xhy a2secte 
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Example 16 
Prove that tan*@ = sin*@(1 + tan*8) 








RHS = sini + 


sin? 
cos! 








Exercise 7.4 


Prove the following identities: 


1 sin 8 cot @ = cos 8 2 (1 + tan? @)cos? @ = 1 

3 (1 + tan? 6)(1 - sin? 6) = 1 4 cos? @-sin? 6 = 1-2 sin? 6 

5 sec @—cos 6 = sin 6 tan @ 6 cot? @ (1 - cos? @) = cos? @ 
1 1 

Tabs = ah st 8 8 + 1m cosec? ® 


9 tan? 6 — sin? 6 = sin‘ 6 sec? 6 

10 (sin 6 + cos @)(tan + cot 6) = sec @ + cosec 0 
11 sin‘ @ - cost @ = 1 - 2 cos? @ 

n icon @ + sin OF + ous 9 ~ ain)? 
ene 

14 sec O + tan@= 





1 
sec — tan ® 
15 sec* 6 - sec? @ = tan? @ + tan* @ 


16 (cosec @ ~ cot 6)? = 1=<088 
ie cos 





EQUATIONS WITH MORE THAN ONE FUNCTION 


Further types of trigonometrical equations can be solved using the identities we have just. 
learnt. Some methods of solution are now shown. The object is to reduce the equation to 
one function. 





Example 17 


Solve the equation 3 cos @ +2 sin @ = 0 for 0° < 8s 360°. 


The equation contains two functions but if we divide throughout by cos 6, this will be 
reduced to one function. 
sin 8 
Then 3+ 2225 = 0 or tan @ = —1.5. 
Now solve this basic equation, 


Verify that the solutions are 123.7° and 303.7°. 









Example 18 


Solve the equation 2 sin 8 = tan 8 for 0° < 0 < 360°. 
Mlustrate the solutions graphically. 


. ‘ «og _ sind 
Rewrite the equation as 2 sin @ = S25 












ie. 2 sin 6 cos @— sin @=0 
or sin (2 cos @ ~ 1) =0. 

This can be separated into two basic equations sin @ = 0 and 2 cos 
ie. cos @= 


The solutions of sin @ = 0 are 0°, 180° and 360°. 
The solutions of cos @ = 0.5 are 60° and 300°. 

Hence the solutions are 0°, 60°, 180°, 300° and 360°. 
The graphs of y = 2 sin @ and y = tan @ are shown in Fig. 7.21, with the positions of the 
solutions marked. 











Fig. 7.21 
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Example 19 


Solve 3 sin +5 cot 8 = cosec @ for 0° < 8< 360°. 
This involves three functions. Reduce this to two by replacing cot and cosec 8. 


Then 3 sin + 5088 = Sh, 

Now remove the fractions: 3 sin? @ + 5 cos @ = 1 

We can now reduce to one function by replacing sin? @ by 1 - cos? 8, 
Then 3(1 ~ cos? 6) + 5 cos 8 = 1 or 3 cos? @ ~ 5 cos @-2=0. 
This is a quadratic in cos @ and gives (3 cos @ + 1)(cos @ - 2) = 0. 
We now have two basic equations: 


cos @ =~} which gives @ = 109.47° or 250.53°, 





and cos @ = 2 which has no solution. 
Hence, the solutions are @ = 109.5° and 250.5°. 








Example 20 
Solve the equation 4 cosec? @- 7 = 4 cot @ for 0° < @< 180°. 


If we replace cosec* @ by 1 + cot? 8, we shall have an equation in cot @ only. 
Then 4(1 + cot? @)—7 = 4 cot @ i.e. 4 cof @- 4 cot @- 3 =0. 
This is a quadratic in cot @ and gives (2 cot @— 3)(2 cot @ + 1) = O leading to the basic 
equations cot @ = 1.5 and cot @ = -0.5. 

Hence tan @ = 0.6667 and tan : 

Now solve these but note that the domain is 0° to 180°. 

The only solutions are therefore @ = 33.7° and 116.6°. 











Exercise 7.5 (Answers on page 622.) 
Solve the following equations for 0° < @ < 360°: 


1 8cot6=3 sine 2 sin@ +4 cos? @=1 

3 8 sin 8 = 3 cos? 8 42sec? @=3-tan’O 

5 cot 6 + tan 8 =2 sec ® 6 tan +3 corO=4 

7 cot? @ +3 cosec? @=5 8 3(sec 8 — tan @) = 2 cos @ 
9 2 cot? @ +11 =9 cosec @ 10 3 sin? @=1+cos® 

11 5 cos @~ sec O=4 12 3 cot 20 +2 sin 20=0 
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SUMMARY 








© If @isany angle, sin @ = y, cos @=.rand tan @= 2 where ee 
(xy) are the coordinates of R and OR = I (Fig. 7.22). y Rw) 
SIN + All+ 5 
sin @ = sin(180°-0) | sin @ 
cos 8 = -cos(180° — 8) cos 8 0 x 


tan 180° — @) tan 8 fe) 
2nd} Ist 


tan 0 = 








sin 8 = ~sin(@ — 180°) sin @ = -sin(360° — @) 

cos @ = -cos(@ — 180°) cos 8 = cos(360° — 6) 

tan 8 = tan(® — 180°) tan @ = -tan(360° — 6) 
TAN + COS + 





© To solve a basic equation such as sin @ = k: 
(1) find the angle oc in the Ist quadrant such that sin ct = | |; 
(2) find the quadrants in which 0 will lie: 
(3) determine the corresponding angles in these quadrants and solve for ®. A basic 
equation will usually have 2 solutions in the interval 0° to 360°. 





cot O= 5 


1 2 
© cose O= <5 sec = aa 


cos 8 


© Graphs of sin, cos, tan (Fig. 7.23). 


tan @ 





V/ Vi sl/l 
Fig. 7.23 
sin and cos have a period of 360°: 


sin(n360° + @) = sin 8, cos(n360° + @) = cos 8, where n is an integer. 
tan has a period of 180°: tan(n180° + 8) = tan @. 


© For equations with a multiple angle 49, solve for £0 first and then derive the values 
of 8. 
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@ identities 


tan = 528 cor = <os8 
sin? @ + cos*@= 1 

sin? 0 = 1 cos? ® cos? @= 1 —sin? @ 

tan? 6 + 1 = sec? @ cot 6 + 1 =cosec? 8 


To solve equations with more than one function, use the above identities to reduce 
to one function. 


REVISION EXERCISE 7 (Answers on page 623.) 
A 
1 Find all the angles berween 0° and 360° which satisfy the equations 
(a) cot 2x= } (b) 2sin y=3 cos y. 
2 Sketch on the same diagram, for 0 $x$ 2n, the graph of y= 2 cos x— 1 and the graph 


of y = sin 2x. Hence state the number of solutions in this interval of the equation 
2 cos x-1=sin 2x. © 


3 Sketch the graph of (a) y = | cos x], (b) y= | cos x] - 1 and (c) y= 1 -| cos x| for 
values of x between 0 and 2n. 





4 Prove the identity sec x- cos x = sin x tan x. 
5 Find all the angles between 0° and 180° which satisfy the equations 








(a) cos 3x= 3, (b) 3.cot y—4 cos y=0, 

(©) 3sectz=744 tanz. © 
6 Solve for 0° < @ < 360°, the equations 

(a) cosec 28=3 (b) 4cot@=Scos@ 

(©) 10 sin? @ + 31 cos @ = 13. 
7 Prove the identity Lesns + 7, m2 scx. « 


8 On the same diagram, sketch the graphs of y = 1 + cos x and y = [sin x| for 
0.S.x$ 2m. Hence state the number of solutions of the equation 1 + cos x= | sin x| 
in this interval. 

9 Find all the angles between 0° and 180° which satisfy the equations 
(a) tan(x + 70°) = 1, 

(b) 8 sin y +3 cos y = 0, 
(©) 3 sin? @ + 5 sin @ cos 0 — 2 cos? @ = 0. 


10 Sketch on the same diagram, the graphs of y=|2cos.x| and y= # for Osx <2n. 
State, for the range 0 < x < 2x, the number of solutions of (i) | 3x cos x| = 2x, 
(ii) 3% cos x = 2x. © 


11 State the range of y = 2-| cos x|| for the domain 0 < x < 38. 





12 On the same diagram, sketch the graphs of y = sin 2x and y = sin 3. for O<.x< 2n. 
Hence state the number of solutions of the equation sin 2x = sin 3 in that interval. 
What would be the number of solutions of | sin 2x | = sin 3 7 


13 For the domain 0° < 6 < 360°, solve 
(a) sin 8 + cos @ cot @ = 2, 
(b) 6 cot? @ = 1 + 4 cosec* 6. 


B 
14 Solve the equation sin @ = 4 sin’ 6 for 0° << 360°. 


15 Solve, for 0° < @ < 360°, the equations 
(a) 8 sin? @ = cosec @, 

(b) 4 cos? @ = 9 2 sec? 8. 

16 Sketch the graphs of y=| 2sinx | and y=| 3 —1 | for0<.x<2n. How many solutions 
are there of the equation | 2m sin x | = | x — 2 | in this interval? 

17 A segment ACB in a circle is cut off by the chord AB where ZAOB = @ radians 
(O is the centre). If the area of this segment is } of the area of the circle, show that 
@-sin@ 

Draw the graphs of y = sin @ and y= @— 3 for 0< 0 <r, taking scales of 4 cm for 
§ on the x-axis and 4 cm per unit on the y-axis. (Take m = 3.14). Hence find an 
approximate solution of the equation @ ~ sin @ = 5. 

18 In Fig. 7.24. ACB is a semicircle of radius r, centre O and ZABC = 0°. 

(a) Using the identity 2 sin @ cos @ = sin 26, show that the area of the shaded region 
is P (J —sin 28). 

(b) State in terms of r, the maximum and minimum possible values of this area and 
the corresponding values of 8. 


(c) Find the values of @ for which the area of the shaded region equals 3 the area of 
the semicircle. 





c 


o 
c 
\: c 
A 
8 
A fr Me 


B Fig. 7.25 





Fig. 7.24 


19 A goat is tied to one end of a rope of length *, the other end being fixed to the 
midpoint M of the side AB of a square field ABCD of side 2r (Fig. 7.25). 
(a) Find, in radians, ZEMF. (c) Calculate what percentage of the area 
(b) Find in terms of r the area ABFE. of the field the goat can cover. 
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20 In Fig. 7.26, OA and OB are two radii of a circle centre O where angle BOA = 0 
radians. The tangent to the circle at A meets OB produced at C. If the area of the sec- 
tor OAB is twice the area of the shaded region, show that 2 tan @ = 30. By drawing 
the graphs of y = tan @ and y = © for a suitable domain, or otherwise, find the 
approximate value of 8. (Otherwise, a solution could be found by trial and error using 
a calculator in radian mode. Test values of @ to make tan @ ~ 1.50 reasonably small.) 

c 


° 
Fig. 7.26 
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Vectors 


SCALARS AND VECTORS 


A scalar is a purely numerical quantity with a unit, such as $20 or a mass of 2 kg. No 
idea of direction is involved. A vector quantity, however, has a direction which must 
be stated, such as a velocity of 20 m s northeast (NE). A velocity of 20 m s* 
southeast (SE) would be quite different. 

To specify a vector, its magnitude (e.g. 20 ms) and its direction (e.g. NE) must both 
be given. 

Scalars are added and subtracted by the usual rules of arithmetic but to ‘add’ or ‘sub- 
tract’ vectors, we use a special rule ~ the parallelogram law. 


REPRESENTATION OF VECTORS 


A simple example of a vector is a displacement. Suppose a piece of board is moved, 
without rotation, across a flat surface (Fig.8.1). 


2 
es 


A 





Fig. 8.1 


Points on the board such as P, Q, R are displaced through the same distance and in the 
same direction to points P’, Q’, R’. So we can represent this vector by any line segment 
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AB where AB = PP’ = QQ’ = RR’ and AB // PP’ // QQ’ // RR’. The arrow head shows 
the sense of the direction. AB is drawn to, scale to give the correct magnitude of the 
displacement. We write such a vector as AB. 


EQUALITY OF VECTORS 


In Fig.8.2, the line segments AB, CD and EF are parallel (in the same direction) and equal 
in length. Then these lines can each represent the same vector and AB = CD = EF. 


Fig. 8.2 E 


Conversely, if AB = CD (Fig.8.3), then 
(a) the line segments AB and CD are equal in length and 
(b) AB// CD. 


Fig. 83 c D 


Its important to remember that both parts are implied by the statement AB = CD. The 
figure ABDC is therefore a parallelogram. 


NOTATION FOR VECTORS 


We state the endpoints of a vector by writing it as AB, as above or we can use a single 
letter (Fig.8.4). A vector could then be given as a (printed in bold). We write this as 
or a. Always distinguish a vector a in this way from an algebraic quantity a. 





Lee 


Fig. 8.4 A 


MAGNITUDE OF A VECTOR 


The magnitude or modulus of a vector AB is the length of the line segment representing 
the vector to the scale used. We denote this as | AB |. 

If AB in Fig.8.4 is drawn to a scale of 1 cm= 10 ms“ for example, then |AB| = 30 ms“. 
‘The magnitude of the vector a is written as | a | or as a. 

Note this carefully: a is the vector but | a | or a is its magnitude. 


Zero Vector 
The vector which has no magnitude (and of course no direction) is the zero vector, 
written 0 or 6, 


Scalar Multiple of a Vector 


Given a vector a (Fig.8.5), we can make multiples of this vector. 
For example, PQ = 2a. PQ has the same direction as a but twice its magnitude. 








|PQ|=2] a] =22. 
A a 
a 
x = 
s 
we 
4 
Fig. 8.5 2° y P 
RS =a, ic, it has the same magnitude as a but is in the reverse direction. 
Note that RS = -SR. 
T= ta, 


If a= kb, where kis a scalar (a number) # 0, then the vectors a and b are 
parallel and in the same direction if k > 0 but in opposite directions if k <0. 
lal=lk]x[b] 


Conversely, if a and b are parallel, then a = kb. (k will be positive if a and b are in the 
same direction, negative if they are in opposite directions.) 

Scalar multiples of a vector can be combined arithmetically. For example 2a + 3a = Sa 
and 4(2a) = 8a. 

So ma + na = (m+ n)a and m(na) = mna for all values of m and n. 


155, 





Example 1 
Given the vector a (Fig.8.6(a)), draw the vectors (i) 3a, {ii) ~ 4. 


‘The vectors are shown in Fig.8.6(b). They are all parallel but (ii) is in the opposite 
direction to a. 





i) = 





oes 


Fig. 8.6(a) Fig. 8.6(b) 








Example 2 
> >» » 
What type of quadrilateral is ABCD if (a) AB = DC, (b) AB = 3DC? 
(a) AB = DC and AB // DC. Then ABCD is a parallelogram (Fig.8.7(a)). 
It follows therefore that AD = BC. 
(b) AB = 3DC and AB // DC. Then ABCD is a trapezium (Fig. 8.7(b)).. 








Fig. 8.7(a) Fig. 8.7(b) 








Exercise 8.1 (Answers on page 624.) 
1 Copy Fig.8.8 and draw the vectors (a) 2a, (b) -a, (c) 3a. 


Fig. 8.8 ee 


2 In Fig.8.9, state each of the vectors p, q and r in the form ka. 





Fig. 8.9 


3 The line AB is divided into three equal parts at C and D. If AD = a, state as scalar 
multiples of a, (a) AB, (b) CB, () BD. 
4 In Fig.8.10, ABCDEF is a regular hexagon. Given that AB 
state the following vectors as scalar multiples of a, b or e: 
=> 
(a) DE, (b) EF, (c) FA, (d) BE, (e) AD. 


>. >. 
. BC = b and CD = ¢, 





Fig. 8.10 A 8 


5 If AB = kBC (k #0), what can be said about the points A, B and C? 

6 Ais the point (4,0) and B the point (0,3). State the value of | AB |. 

7 If P is (-2,-5) and Q is (3,7), find | PQ I. 

8 O is the origin, | OR | 
sin =}. 





and the line OR makes an angle @ with the x-axis where 
ind the possible coordinates of R. 
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ADDITION OF VECTORS 


To ‘add’ two vectors a and b, i.e. to combine them into one vector, we place them so as 
to start from the same point O (Fig.8.11). 





Fig. 8.11 


Now complete the parallelogram OPQR. 
We define a + b = OQ ie. the diagonal starting from O. 
60 is called the resultant of a and b. 


This is the parallelogram law for the addition of vectors. Note that we use the symbol 
‘+’ though here it means ‘combined with’ and not arithmetical addition. 


‘As RQ is parallel and equal to OP, RQ = a. 
ne ee 5 
‘Then OR +RQ=b+a=OQ=a+b. 
Hence a+b=b+a. 
In practice, it is not necessary to draw the parallelogram. The vectors can be placed 


‘end-on’. PQ is equal and parallel to OR so PQ = b. We draw a and then b starting from 
the end of a (Fig.8.12). 


Fig 8.12 


‘The third side OQ of the triangle gives a + b. 
More than 2 vectors can be combined in this way. For example, in Fig.8.13, 
a+b=OQ and OQ+c=a+b+e=0R. 


arbre 


Fig. 8.13 ° 
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DIAGONALS OF A PARALLELOGRAM 
In Fig.8.14, OP = a, OR = b. R Q 


Then 0Q= a+b. See 
b 
Fig.8.14 ° por Xs P 


RP=RQ+QP= 04 (-b)=a-b. 
Also PR = -RP = -(a-b) = b-a. 
These last two results are important and can be remembered as follows: 
a—b is the vector from the endpoint of b to the endpoint of a; 
b—aiis the vector from the endpoint of a to the endpoint of b 
Where a and b start from the same point (Fig.8.15). 





Fig. 8.15 





Example 3 


The vectors a and b are given (Fig8.16(a)). Draw the vectors 
(i) 2a +b, (ii) a—b, (iti) a 2b. 


heed 
bu 


Fig. 8.16(a) 


w «iy a 


a 
2b 
> a~20) 


a-b 
Fig. 8.16(b) 


(The vectors are shown in Fig. 8.16(b).) 
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(i) Draw 2a followed by b. 


(ii) Draw a followed by -b. Alternatively draw a and b from the same point and use 
the rule above. 


(iii) Draw a followed by -2b. 








Example 4 


In AABC, AB = a, AC = b and M is the midpoint of AB (Fig.8.17). 
ep ne Pn 
State in terms of a and b, (a) AM, (b) MC. (c) CM. Fig. 817 








Example 5 


OA, OB and OC are the vectors a, b and € respectively. D is the midpoint of AB and 
E lies on BC where BE = 2BC (Fig.8.18). State in terms of a, b and , 


> > > > yw 
(a) AB, (b) AD, (c) OD, (d) BC, (e) BE, (f) OE, (g) DE. 


Fig. 6.18 











c 


-a 
= 7 (b- a) 

2, 

=0A+AD= a+ }$(b-a)=$(a+b) 
=e-b 

() BE = 2(e-b) 

() OF = OB + BE=b+2¢-b)=2c-b 


(g) DE = OB - Ob = 2c~b- 4} (a+b) = 2-8 - 


Be g & a 








Exercise 8.2 (Answers on page 624.) 


1 Given the vectors a and b in Fig.8.19, draw the vectors 
(a) a+ 2b, (b) 2a-b, (c) 3a-2b, 


\ 


= > =. > 
2 In SABC, AB = a and BC = b. State in terms of a and b, (a) AC and (b) CA. 


3 Given the vectors a, b and ¢ in Fig.8.20, draw 
(a) a+ 2b, (bd) at+2b+e, (C) a-b+e, Wd) Sat b—2e. 


Fig. 8.19 


© 


b 
an 
Fig.8.20 
4 If]a]=|b| buta sb, explain why a + b bisects the angle between a and b and is 


perpendicular to a—b. 


Sin AOAB, OA = a, OB = b and M is the midpoint of AB. State in terms of a and b, 
(a) AB. (b) AM, (c) OM. 
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6 In AOPQ, OP = p, GQ = q. Ris the midpoint of OP and $ lies on OQ such that 
OS = 3SQ. State in terms of p and q, (a) OR, (b) PQ, () O8, (4) RS. 

7 In AOAB, OA = a, OB = b. BC is drawn parallel to OA (in the same direction) and 
BC = 20A. State in terms of a and b, (a) AB, (b) BC, (c) OC, (4) AC 

8 OACB is a parallelogram with OA = a and OB = b. AC is extended to D where 
AC = 2CD. Find, in terms of a and b, (a) AD, (b) Ob, (¢) BD. 

9 OAB is a triangle with OA = a and OB = b. M is the midpoint of OA and G lies on 
MB such that MG = 4GB. State in terms of a and b (a) OM, (b) MB, (c) MG, (4) OG. 

10 OA =p +4q, OB = 2p -q, where P and q are two vectors and M isthe midpoint of 

AB. Find in terms of p and q, (a) AB, (b) AM, (c) OM. 





POSITION VECTORS 
If O is the origin, then the vector OA is called the position vector of A. For example, if 
the position vector of A is 2a - 3b, then OA is 2a — 3b. 


Using Vectors 


‘The following principles should be carefully noted: 
(1) Ifa + nb = pa + qb then m = p and n = q, (See Examples 6 and 9). 
2) Ifthe points P, Q and R are collinear, then PQ = kQR (and conversely) because PQ 
and QR are parallel but meet at Q. (See Examples 7 and 8), We could also use 
— 
PO =kPR. 


(3) If the vectors ma + nb and pa + gb are parallel, then 


= . (See Example 10.) 








Example 6 
If p = 2a ~ 3b and q = a + 2b, find numbers x and y such that xp + yq = a - 12b. 
xp + yq = x(2a - 3b) + y(a + 2b) = (2x + ya + 3x + 2y)b 


By (1) above, if this vector is to equal a ~ 12b, then the multiples of a and the multiples 
of b on each side must be separately equal. 

Hence 2x + y= Land ~3x + 2y =~ 12. 

Solving these equations, x = 2, y = -3. 
Checking this, 2(2a — 3b) ~ 3(a + 2b) = 








~ 12b as required. 
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Example 7 


The position vectors of P, Q and R are a- 2b, 2a~3b and 1a - 6b, where jis a scalar 
constant. If the points P. Q and R are collinear, find 
(a) the value of 1 and (b) the ratio PQ:OR. 


=> > 
First we find PQ and QR. 


(a) PO 0} - Ob = 2a - 3b (a- 20) 
QR = OR - 6Q = pia - 6b - (2a - 3b) = (ue - 2)a- 3 





Now if P, Q and R are to be collinear, PQ = KQR. 

Pd = ab and QR = (ut -2)a- 3b 7 

Comparing these, the multiple of -b in QR is 3 so the multiple of a must also 
be 3, Hence w-2=3orp=5. 


(b) When 1=5,| PQ |=|a—b | and | QR | =| 3(@-b) | which gives the ratio PQ:QR 
as 1:3. 











Example 8 

OP = 3a +b, OO = ua —b) and OR = 4a + 4b. 

Given that P, Q and R are collinear, find the value of us and the ratio PQ:OR. 
PQ = 0Q - OP = jun — pb -3a—b = (U-3)a- (+ Db 

Qk = OR - 00 = 4a + 4b — pn + pb = (4 — pa + (+ 4)b 

‘The relation between these vectors is not as straightforward as it was in Example 7. 


We shall have to find an equation for y. If P, Q and R are collinear, PQ = KQR so the 
multiples of a and of b in the two vectors must be in the same ratio. 


Mihai 3 
‘Then = ta which leads to p2 + ws - 12 = wP - 3-4 giving = 2. 

=> ~ 

Hence PQ = -a ~ 3b and QR = 2a + 6b = -2(-a - 3b). 

‘The ratio PQ:QR = 1:-2 which means that QR is twice as long as PQ but in the 
opposite direction as shown in Fig.8.21. 








Fig.8.21 











Example 9 


my 
In Fig.8.22, OA = a and OB = b. C lies on OA where OC = 3 OA, D is the midpoint 
of AB and BC and OD intersect at M. 

SS, Coy i aabe) it 
(a) By taking OM = pOD and BM = qBC, where p and q are numbers, find two 


vector expressions for OM. 
Hence find (b) the values of p and q, (c) the ratios OM:MD and BM:MC. 











8 
& D 
Fig.8.22 
* ° sc A 
~ “ ~ ~ 
(@) Figs find OM as part of OD. To abizin OD we find AD. 
AB= b—as0 AD = J(b—a) 
‘Then OD = OA + AD=a+ 4(b-a)= a+b) 
So OM = pOD = $(a+b)=2a+ 2b. @ 
, oy 
Now to find another expression for OM, we use OB + BM. 
First find BM as part of BC. 
pf cap Sap a Bh og 
BC = OC - OB = 3a-b so BM = q(3a-b) 
= <> 7 
Then OM = OB + BM =b + q(2a-b) = ¥a+(1— gb (ii) 
(b) As (i) and (ji) are expressions for the same vector, then by (1) above, the multiples 
of a and b are equal. 
So $= 2 = 1—g, We solve these equations. 





24 = 1 ~q giving q = 3 and hence p = 5. 
(©) OM = 20D so OM:MD = 4:1 and BM = 3BC so BM:MC = 3:2. 
5 3 








Ratio Theorem (Optional) 


‘This theorem is not necessary for this syllabus but may be found useful. It gives a direct 
way of finding the position vector ofa point dividing a line in a given ratio. In Fig. 8.23, 


OA =a, OB =b and P divides AB in the ratio p:q. We wish to find OP. 





oO Fig. 823 


25k 
OP = OAs Abas 52, AB=a+ 5 (b-a)= 2h 

‘This is known as the ratio theorem for vectors. Note carefully that q multiplies a (on the 
other side of P) and p multiplies b. 








For example, unve the midpoint of AB, then p = q = 1. 
So Ol if AP = TAB then p = 1, q=2 and OP = 29°. Similarly, if 
Ab = sabe where the position vectors of A and B are 3a - 2b and -a + 5b, then p = 3, 
q= 2 and the position vector of P will be 238=2)+ X-a+ $b) = Jas tb, 


Note: Care must be taken when P divides AB externally ie. P lies outside AB. One of 
p or q must then be taken as negative (Fig. 8.24). 











Example 10 


In Fig. 8.25, the position vectors of the 
points A, Band C are 2a~b, 4a + 5b and 
~a + 4b respectively. L and N are the 
midpoints of AB and AC respectively. 


Mis a point such that iM = 1 LC. 


(a) Find the position vectors oi, Mand 
N and (b) show that B, M and N are 
collinear and state the ratio BM:MN. 
(c) P is a point on BN produced such that 
BP = pBN. If PC is parallel to AM, find 
the value of p. 





(a) The position vector of L is @#=»)+ a+ 5») = 394 2b. 
As LM = }LC, LM:MC = 1:2. ‘ 
The position vector of M is %38+2b)* ta+ 40) = Sa+8b 
‘The position vector of N is Ga— bh ca so) = 





> > 
(b) We find BM and MN. 
BM = OM ~ OB = 2+ _ (4a + 5b) = 






Mh =ON- Oh 2a sz 
2 3 





BP + PC = BC 


3 





giving PC = (2S%)a + (2p 
AM = 848 2a—b) = 





If these are parallel, the multiples of a and ofb must be in the same ratio. 








Ip-10  Ip-2 
Hence —2— = 2 ie, 12510 = B=? 
3 3 


which simplifies to 7p ~ 110 =—Tp +2 or p = 4. 
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Exercise 8.3 (Answers on page 625.) 
1 Given that p = 3a - b and q = 2a ~ 3b, find numbers x and y such that 
ap +yqea+ 9b. 
21 a= 31+ 2j, b = -2i + 3j and c = 124 — 5}, find numbers p and q such that 
patgb=c. 
3 Given p = 2i + 3) and q = i~j, find numbers x and y such that xp + yq = ~4i ~ 11j. 
4 If p = 2a - 5b, q =a + 2b and r= a ~ 16b, find numbers x and y such that 
aptyqer. 
~ = ~ 
5 If OP = 2a - Sb, OQ = Sa—b and OR = 11a + 7b, show that P, Q and R are collinear 
and state the ratio PQ:QR. 
6 The position vectors of P, Q and R are a ~ 2b, 2b and ~da + kb respectively. If P, 
Q and R are collinear, find the value of &. What is the ratio PQ:QR? 
7 Given that OP = a + b, OQ = ka and OR = 7a — 2b, find the value of k if Q lies 
on PR. 
8 The position vectors of P, Q and R are 2a — b, (ab) and a +b respectively, Find 
the value of 1 if POR is a straight line. State the ratio PQ:QR. 
9 (a) The position vectors of L, M and N are p + 2q. m(p +q) and p — q respectively. 
Find the value of m for which LMN is a straight line, and state the ratio LM:MN. 


(b) The position vectors of A, B and C are a + 2yib, ia —b and 2a — 3b respectively. 
If AB is parallel to OC, where O is the origin, find the value of 1. 


10 The position vectors of A and B are ~a — 2b and 3a + 4b respectively. Using the tatio 
theorem or otherwise, find the position vector of P where (a) AP = 2PB, 

Ses eae ar bee oe 
(b) AP = 1 AB, (c) 4AP =3AB, (d) P lies on AB extended and AP = 3BP, (¢) P lies 

on BA extended and AP = 2BA. 


11 OA =2a~ 4b and OB = 4a + 6b, where O is the origin. P and Q are the midpoints 
of OA and AB respectively. (a) State the position vectors of P and Q. (b) G lies on BP 
such that BG = 2GP. Find the position vector of G. (c) Show that O, G and Q are 

Ss 


collinear and state the ratio OG:GQ, (d) R lies on OA where OR = pOA. If BR is 
parallel to GA find the value of p. 

12 P and Q divide the sides BC and AC respectively of A/ABC in the ratio 2:1. 
If AB = a and AC = b, find (a) QP and (b) show that QP is parallel to AB and 
one-third its length. 

13 OABC isa parallelogram with OA = a and t= -¢, lies on OB where OD:DB = 1:4. 
AD meets OC at E. By taking OE = pOC and AD = qAE, show that 
} (a+ 0) =(1-q)a + pge. 
Hence find the values of p and q and the ratios OE:EC and AD:DE. 
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14 OABC is a parallelogram in which OA = a and OC = b. Ms the midpoint of AB and 
MC meets OB at X. 
Se op ea ae ~ 

(@) By taking MX = pMC and OX = qOB, express OX in terms of 

(i) p, a and b, (ii) g, a and b. 
(b) Hence evaluate p and q and state the ratios OX:XB and CX:XM. 
15 C lies on the side OA of AOAB where OC:CA = 2:1. D lies on the side OB where 
OD:DB = 1:2. AD meets BC at T. 

Seer epee ae bee ag ay ~ 

(a) Taking OA =a, OB=b, AT =pAD and CT = gCB, find two expressions for OT. 
Hence find (b) the values of p and q and (c) the ratios CT:TB and AT:TD. 
16 Cand D divide OA and OB respectively inthe ratio 1:3. E divides CB in the ratio 
‘Taking OA = a and OB = b, use vector methods to prove that DEA is a straight line 
and find the ratio DE:EA. 


17 In AOAB, C divides OA in the ratio 2:3 and D divides AB in the ratio 1:2. OD meets 
CBRE 5) og > » 
@) Taking OA = a, OB = b, OF = pOD and C= gCB, obtain two expressions for 
OE. 
(b) Hence find the values of p and q. 
(c) State the ratios OE:ED and CE:EB. 














18 The position vectors of A and B are a and b respectively relative to an origin O. C is 
the midpoint of AB and D divides OB in the ratio 2:1. AD and OC meet at P. 


(a) Taking OP = pOC and AP = gAD, express OP in two different forms. 
Hence find (b) the values of p and q and (c) the ratio OP:PC. (4) Q lies on BA 
produced where AQ = kBA. State the position vector of Q. If OQ is parallel to DC, 
find the value of k 

19 OABC is a parallelogram with OA = a and, oe = = ¢. OB is extended to D where 
OB = BD and OA is extended to E where AE = }OA. CE and AD meet at X. 


(a) Taking AX = pAD and CX = gCE, find two expressions for OX. 
(b) Hence find the values of p and q and the ratios AX:XD and CX:XE. 


(€) Flies on AD and BF is parallel to CE. Taking AF = rAD,find the value of r. 
(d) Hence state the ratio BF:CE. 








20 OA =aand OB = b. OB is produced to C where OB = 2BC. D is the midpoint of AB. 
OD produced meets AC at E. Taking OD = pOE and AE = gAC, derive two 


expressions for OD and hence find the values of p and q and the ratios OD:DE and 
AE:EC. 





21 OABCis a parallelogram with OA =a and OC =e. D lies on OC where OD:DC = 1:2 
and E is the midpoint of CB. DB meets AE at T. Taking Di = pDB and A = qAE, 
form two vector expressions for OT and hence find the values of p and . 





22 The position vectors of A and B are a and b respectively, relative to O. C lies on OB 


where OC:CB = 1:3. AC is produced to D where AD= pac. If DB is parallel to OA, 
find the value of p. 
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23 The position vectors of the points A, B and C are 7a ~ 2b, a + b and a ~ 2b 
respectively. Lis the point where AL 4 AB. Mis the midpoint of BC and N is the 
point such that CN = 2CA. Find the position vectors of L, M and N and show that 
these points are collinear. State the ratio ML:LN, 

24 A.B and C have position vectors a — b, 3a + 2b and 4a — 3b respectively. P lies on 
AB where AP:AB Qlies on BC where BQ:BC = 3:4 and R lies on AC extended 
so that AC = CR. Find the position vectors of P, Q and R and show that P, Q and 
R are collinear. State the ratio PQ:QR. 





COMPONENTS OF A VECTOR: 
UNIT COORDINATE VECTORS 


> ~, c 
Suppose AB = a and BC = b (Fig.8.24). 


Fig. 8.26 . 
A 


‘The resultant of a and b is AC =r =a +b. The vectors a and b are called the components 
of r. The components of a vector F are any two vectors whose resultant is r. A vector can 
therefore be resolved into two components in an infinite number of ways. However if 


we take the components parallel to the x- and y-axes (Fig. 8.27), they will be unique and 


perpendicular. 
w 


Fig. 8.27 ° 


We now define two standard unit vectors i and j called the unit coordinate (or base) 


vectors (Fig. 8.28). 7 


Fig. 8.28 cf ft 
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iis a vector in the direction of the positive x-axis and | i| = 1; 
Jiis a vector in the direction of the positive y-axis and | j | = 1. 
‘The perpendicular components of any vector can now be expressed in terms of f and 
j in a standard form. For example, suppose the vector AC = r has components of 
magnitude 3 and 4 parallel tothe axes (Fig. 8.28).The horizontal component AD = 3i and 
the vertical component DC = 4j. 
Hence the vector r= AD + DC = 31+ 4j. 
r is now expressed in terms of the base vectors i and j. 


y 


Fig. 8.29 





¥ can also be written as (3), ie. in column vector form. [Do not confuse with 
coordinates (3,4)]. For example, 2i — 3) can be written as (_3).i=( 4) and j=(9). 
Given r in terms of i and j, we can find | r | and the angle @ it makes with the positive 
x-axis. 
From AADC (Fig. 8.28), AC? = AD? + DC?, so r° |= 3? +4? = 25 and | r |=25 =5. 
tan 6 = 3 giving @ = 53.13°. 





Note: To find @ for a given vector, draw a diagram to locate the correct quadrant as 
tan @ = 2 will give two values for 0° < @ < 360°. 


In general for a vector r with perpendicular components of magnitude a and b (Fig. 8.30): 





r=ai+bj=($) 4 
|r| =|ai+ dj] = Va? +B and tan @ 





Fig. 8.30 
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Example 11 


The position vector of A is -2i + 3}. 
(a) State the coordinates of A. 
> 
(b) Find [OA | and the angle the vector OA makes with the x-axis. 


Fig. 6.31 





(a) The coordinates of A are (-2,3) (Fig8.29). 
i + 3 | = VRP + F = VIS = 3.6 
ing 0 = 123.7° (2nd quadrant, Fig.8.29). 











Example 12 


(a) OC has the same direction as (~3) and / OC /'= 30. Express OC as a column 
veetor. 


(b) The position vectors of A and B are (~3) and (_4) respectively. Find 
(i) AB, (ii) the equation of AB. 


(@ OF must be a scalar multiple of (-}) so OC = (HE) where k > 0. 
1 Of f= 9% + 164 = 254 0 | OF | = 5k =30 and k= 6, Hence OC = (-H8). 
(b) (i) AB = OB - OA =i-2j- (21+ 3) = 31-5). 
(ii) The coordinates of A and B are (-2,3) and (1,-2). 


; is 223. = 242 
Hence the equation of AB is $=3 = £22 








Sx+3y 








7 





Example 13 


The position vectors of A, B and C are 2i — j, 3i + 2j and -3i + 4j respectively 
{Fig. 8.32). 
=p ap = 
(a) Find | AB |, [BC | and | AC | and show that AABC is right ungled. 
(b) If the position vector of D is —4i — j, find the angle BD makes with the x-axis, 


Fig. 8.92 


(@) Ab = 31+ 2j-@i-j) =i +3); | AB| = V0 
BC ~Bi+ Aj — Gi + 2h) = 61 + 2): |BC| = V40 
2i-j- C3i + 4p) = Si-5j; | CA| = V50 
As|CA =| AB? +| BC P, the triangle is right angled. 
= Gi+2j) =-7i-3j 
giving @ = 203.2° (3rd quadrant). 





Unit Vectors 


‘The magnitude of the vector a= 3i + 4jis | 31 +4j |=5 so the vector is 5 units long. Hence 
the vector +44 is one unit tong and is in the same direction as a. This is the unit 
vector in the direction of a (Fig. 8.33). It is written as i (read ‘vector a cap"). 





Fig. 8.93 





If r= ai + j, then? = FA 





For example, i 
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ah 2, a = 
Again, if OA = (3), the unit vector parallel to AO would be === 





Exercise 8.4 (Answers on page 625.) 
1 On graph paper, mark the positions of the points with position vectors i + j, -2i-j, 
3i + 2), - 3. 
2. A, Band Care points with position vectors 2i- 3j, i + 2j and 4i —j respectively. Find 
in terms of i and j, the vectors AB, BC and CA. 


3 The position vectors of A and B are 3i + j and 2i + 3j respectively. Points C and D 
> > 
have position vectors given by OC = AO and CD = AB. 
(a) Find the position vectors of C and D in terms of i and j and show the positions 
of the four points on a diagram. 
(b) Express DB in terms of i and j. 
(©) Find | DB | and the angle DB makes with the x-axis. 
4 Find the magnitude and the angle made with the x-axis of the vectors 
@ C) ©) (3) © 2%+3) @ 41-2 
5 (a) The coordinates of A are (-3,2) and the position vector of B is 21 + 4j. Find the 
vector BA. 
iy 
(b) The vector OA has magnitude 25 units and is in the same direction as (_3). The 
vector OB has magnitude 6.5 units and is opposite in direction to (3). State 
the vectors AO and AB in column vector form. 
6 The point with position vector 3i — 2j is displaced by a vector (4). Find its new 
position vector. 
7 If the coordinates of A are (2, 4) and AB =i + 2), find the position vector of B. 
8 G@) Ia =6l- 8) and b=1+ 3), 6 find @ and b. 
(b) OA =( rs and OB = (7). Find the unit vectors parallel to AO and BA. 
9 In this question, take a = 31 + j, b = -f + 2), ¢ = 3i. Find (i) A and (ii) b. 
Express in terms of i and j, (iii) a + 2b, (iv) 2¢ ~ 3b, (v) a + b— 2c. 
Find (vi) | a + 2b |, (vii) | 2e — 3b |, (viii) | a + b — 2c |. 
10 The position vectors of A, B, Cand D are i+ 3), 21 j, 1-4) and 3+ 2j respectively. 
=> 
Find in terms of i and j the vectors (a) AB, (b) BD, (c) CA, (d) AD. 


11 The position vectors of A and B are 2 + 3j and 3i ~ 8j respectively. D is the midpoint 
of AB and E divides OD in the ratio 2:3. Find the coordinates of E. 














12 P and Q have position vectors Si + 2j and i - 4j respectively. If OP = 30Q + 20R, 
find the position vector of R. 


13 A,B and C have coordinates (1,2), (2,5) and (0,-4) respectively. If AB = CD, find the 
position vector of D. 


173 


14 The position vectors of A and B are 3i+j and ~4i + 2j respectively. Find the position 
vector of C if AB = BC. 


15 Points A and B have position vectors 2i— j and i + 3j respectively. 
(a) Given that OC = AB and A = CB, find the position vectors of C and D. 
(b) Show the positions of the four points on a diagram. 
(©) Find ICDI and the angle CD makes with the x-axis. 


16 The position vectors of A and B are 4i + 5j and i ~ 2j respectively. Find the position 
vector of C if 30A = 208 + OC. 


17 The coordinates of A and and B are (2,3) and (2,5) respectively. Find the position vector 
of C if 20A = 20B + BC. 


18 Show that the points with position vectors 4i + 5j, 31 + 3j and -3j are collinear. 


19 What is the gradient of the line joining the points with position vectors 2i + j and 
i+3)? 


20 Show that the triangle whose vertices have position vectors 2i + 4j, Si + 2j and 
3i + 5{ is isosceles. 


21 (a) The velocity v ms"! of a body is given by the vector v =i + 3). 
Find the speed of the body and the angle its path makes with the x-axis. 
(b) Ifits position vector at the start was i + j, what is its position vector (i) after 1 sec, 
i) after 3 secs, (iii) after ¢ secs? 
(©) After what time will it reach the position given by 7i + 195? 








22. A body is moving with velocity v ms where v = 2i— 3j. If it started from the position 
i + 4j, what is its position after 3 seconds? How long will it take to reach the position. 
1G-j)? 





23 The position vector r of a point on a straight line is given by r =i + j + 2i—j) where 
ris a number. 
(a) What is its position vector when ¢ = 2? 
(b) Find the position vector of another point on the line by taking any other value 
oft. 
(©) Hence find the gradient and the equation of the line . 


24 Find the gradient and equation of the line given by r = i —j + k(i —j) where k is a 
number. 


25 The position vector r of a point is given by r = 2i—j + (i + 2j), where ris a number. 
What is its position vector when (a) t = 1, (b) = 3? 
(©) What is the value of ¢ when its position vector is 7i + 95? 


26 If the vectors mi — 2j and 4i - 6j are parallel, state the value of m. 


27 The position vectors of A and B are 3i —2j and fi + j respectively. Find the value of 
tif OAB is a straight line. 
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28 OABC is a parallelogram where O is the origin. The position vectors of A and B are 
41+ 6} and 61 + 8j respectively. D is the midpoint of CB and E is the midpoint of AB. 
OD meets CE at F. 

(a) State the position vectors of C, D and E. 
(©) By taking OF = mOD and CF = nCE, find the values of m and n and the ratio 
OF-FD. 

29 (a) State the condition for the lines y = m,x +c, and y = m,x +c, to be perpendicular, 

(b) The points A, B, C and D have position vectors i + j, 31 ~ 2), -3i — 3j and -j 
respectively. Find the gradients of AB and CD and show that these lines are 
perpendicular. 

30 The points A, B, C and D have position vectors i, 2i + 3j, 2i + j and Si respectively. 
Show that AB and CD are perpendicular. 

31 P,Q, Rand S have position vectors i + 25, 3i—j,-i—j and ki + j respectively, where 
kis a number. 

(@) Find the gradients of PQ and RS. 
(b) For what value of & will the lines PQ and RS be perpendicular? 


32 If a= 3i + 4j and |b | = 2, what are the greatest and smallest values of | a +b |? 


SCALAR PRODUCT OF TWO VECTORS 


Vectors can be ‘multiplied’ in two ways. In one, the result is another vector, called the 
vector product but we shall not use this method. In the other, the result is a scalar so it is 
called the scalar (or dot) product. 


‘We write the scalar product of a and b as a.b and define it as 
ab=|a|x|b]xcos @ = ab cos @ 


where @ is the angle between the vectors (Fig. 8.34). 
a 
Fig. 8.34 


For example, if | a| = 2, |b | =3 and the angle between # and b = 60°, then 
ab=2x3x05=3. 


The scalar product is always a number. This will be negative if 90° < 8 < 180° as 
cos 8 is then negative. | a| and |b | are always positive. From the definition we can 
derive the following important facts: 


I The scalar product is commutative 
ab =|a|x|b|xcos @ and b.a=|b| x] a|xcos@ 


Hence ab=ba 
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II Parallel vectors 


If a and b are parallel but in the same direction, then @ = 0° (Fig. 8.35(a)). 
a.b = ab cos 0° = ab=|a|x|b|. 


Fig. 8.35 —_—— (o) 


If a and b are parallel but in opposite directions, then @ = 180° (Fig. 8.35(b)). 
a.b = ab cos 180° = -ab. 


Hence ii (written as F) = 1 and j? 
Also (3i + 4§).Gi + 4) =| 31+ 4] = 





II Perpendicular vectors 


If a and b are perpendicular, then @ = 90° and cos 90° = 0. 
Hence a.b = ab cos 90° = 0. 


a.b=0 if ais perpendicular to b 


Hence ij = j.i=0. 


Conversely, if a.b = 0, then a and b are at right angles (unless either a or b or both 


are 0). 


IV Distributive law for a scalar product 
In ordinary algebra, a(b + c) = a X(b +c) = ab + a 





we can ‘remove the brackets’, 


The ‘x’ is distributed over the ‘b + c’. This is known as the distributive law for 


products, The same law is true for scalar products: a.(b + ¢) = a.b + a.c. 





| Example 14 
| a= 2i +3] and b = i-2j, find ab. 


| ab = (2i+3)).G-2). 

| — 2j) + 3j(i - 2j) by the distributive law 

ii - 21.2) + 3.4 - 3j.2j_using the law again 
=2- 0 + 0 -6 asii=jj=1andij=ji=0 
=4 






. From this we see that we only need to multiply the two i and the two j terms and add | 


the results. The ij terms are ignored. 
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pot 
So (2i + 3). - 2) = 2-6 =-4. 
6 
By the same method we can show that in general: 





(ai + bias +d,9) = GQ). Qd=aa, + bp 








Example 15 


The position vectors of P and Q are 2i + j and -3i + 2j respectively. 
Find ZPOQ (Fig. 8.36). 


-31 + 2) Pais} 
Fig. 8.36 


From the definition, a.b = ab cos @ 





Then cos @ = 


‘ab 


i.e. the cosine of the angle between two vectors is the scalar product divided by 
the product of their moduli. 


i+ DAH+ 2 +2 L 
Hence cos ZPOQ = jaejixiaiegl > Nevis =-0.4961 


giving ZPOQ = 119.74". 








Example 16 


The position vectors of and B are 24 ~ 3} and i +2) respectively 

(a) Find the value of t for which OA and OB are perpendicular. 

(b) Ift = 4, find ZAOB to the nearest degree. 

(a) If OA is perpendicular to OB, then their scalar product = 0. 
So (21 — 3)).(ti + 2) = 2-6 = Oma 


(2i- 3)).4i + 25) we 
(b) cos ZAOB = [aie alae 1 ee 0.1240 





Hence ZAO} 
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| Example 17 


Find the relationship between p and q if the vectors a = pi + 3) and b = 2i + qj are 
at right angles. Given that q = ~2, find [a +b |. 


To be at right angles, (pi + 3j).(2i + gj) = 0. 
Then 2p + 3q =0. 

If q=-2, then p =3. 
Ja+b|=|3i+3j+2i-2j| =|5i+j] = V26 











Example 18 


A straight line passes through the point A whose position vector is 31 +) and is parallel 
to the vector 4i +3}. 
(a) If the position vector of any point P on the line is p, show that 
pa=3i+j +i +3). 
(b) Find the value of t for which OP is perpendicular to the line. 
(c) Hence find the distance of the origin from the line. 
Pp 


Fig. 8.37 





(@) In Fig. 8.37, A is the point with position vector 31+ j. 
is parallel to 41 + 3) so AP = (4i + 3)) where 1 is any number. 
Then OF = p=OA+ AP =3i+j + 1(4i +3). 


(b) oP = (3 + 4+ (1 + 30h 
If OP is perpendicular to 4i + 3j then (3 + 41) x 4+ (1 + 31) x3=0, 


This gives 12 + 16r +3 +9 =O ort =~ 3. 


(©) When 1 =—3, the position vector of P = 31 +j-3(4i +3) = 2 - 





‘The distance from O to the line will then be | OP | = J + Ee aL 
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Exercise 8.5 (Answers on page 626.) 





For questions I ~ 7, take a = 2i + 3j,b = i+ 2j,¢= 
1 Find the scalar products (a) a.c, (b) b.d, (c) bc. 
2 Which two of the vectors are perpendicular? 
3 Evaluate b. 
4 Find the angles between (a) b and ¢, (b) a and d. 
Find the value of 1. 





2j,.d =i, 


5 The vector fi + j is perpendicular to b — 





6 Find the angle between a +b and +d. 
7 Find the relation between m and n if ma + nb is perpendicular to ¢ - b. 
8 Given a = 3i — 2j , b = 4i + j and c = 2i + 7j, verify that a.(b + c) = a.b + ac. 


9 Ifp = 31 +4), q = 2i—3j and r = 5i + j, show that p.(q— Fr) = p.q— par and find the 
angle between p and q. 





10 The position vectors of A and B are 4i + 3j and 
perpendicular to AB and find ZAOB. 


LL The position vectors of A, B and C are 3i + j, 4i + 3j and 6i + 2j respectively. 
(a) Show the positions of the points on a diagram. 
(b) Find 2B. 
(c) Hence find the area of ABC. 


12 Two bodies are moving in a plane, one parallel to the vector 3i— j, the other parallel 
to -4i + 2j. Find the angle between their paths. 


J respectively. Show that OA is 


13 If the vectors fi + 2j and ri - 8j are perpendicular, find the values of #. 
14 If the vectors 2pi — 3j and pi + 6j are perpendicular, find the values of p. 
15 A(2,3), B(-1,4) and C(5,-2) are three points, Evaluate BA.BC and hence find ZABC. 
16 The position vectors of A, B and C are 2j, 31+ 4j and Si respectively. 

Find BA.BC and hence find ZABC. 


17 OABC is a parallelogram with OA = 
midpoints of BC and AB respectively 
(@) Find the position vectors of P and Q. 


(b) Evaluate OP.OQ and hence find ZPOQ. 


2j and OC = -6i + 4j. P and Q are the 











18 OABC is a parallelogram where the position vectors of A and C are 3i +6) and -21 + 4j 
respectively. (a) Find the position vector of B. D is the midpoint of OC and E divides 
OA in the ratio 2:1. Find (b) the position vectors of D and E and (c) ZBDE. 


19 ABCD is a quadrilateral where the position vectors of A, B, C and D are a, b, e and 
d respectively. 
(a) State in terms of a, b, ¢, d (i) AB, (ii) CD, (iii) AC, (iv) BD. 
(b) If (e - d) = k(b — a) where & > 1, what type of quadrilateral is ABCD? 
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(©) State in terms of a, b, ¢, d, the condition for the diagonals to be at right angles. 
(d) If |d—b||c—a| = 2(d—b). (c—a), what is the angle between the diagonals? 
20 The position vectors of A, B and C are 3i + 
such that AP = kAB where & is any number. 


(a) Find the position vector of P in terms of k, i and j. 
(b) Find the value of k if PC is perpendicular to AC. 





i — 3] and Si respectively. P is a point 


2 itr i+ j and r, = 1 — 3), find the values of ¢ so that i, +r, will be 
perpendicular to mr, + r,. 





22 A and B have position vectors 3i + 6j and 6i + 3j respectively. C lies on OA where 
OC:CA = 1:2 and D lies on OB where OD:DB = 2:1. 

(a) Find the position vectors of C and D. 

(b) Find CD and AB in terms of i and j. 

(c) Hence find the angle between CD and AB. 


23 The position vectors of A and B are 4i + j and i + 7j respectively. 
(a) Find ZAOB. 
(b) C lies on AB where AC:CB = 
(c) Hence find ZAOC. 

24 The points A, B and C have position vectors 3i + 3j, 8i + 2j and pi + 11j respectively, 
where [1 is a positive number. D lies on BC where BD:DC = 1:2. 
(a) Find the position vector of D in term of yi and j. 
(b) Express AD in terms of pt, i and j. 
(c) If AD is perpendicular to BC, find the value of 1. 








1, Find the position vector of C. 





25 The position vectors of A, B and C are 3i+ 4j, 8i—6j and mi + nj respectively, where 
mand n are numbers. 
(a) Evaluate (3i + 4j).(mi + nj). 
~, a 
(b) Find | OA | and | OC |. 
(c) Hence express cos ZAOC and cos ZBOC in terms of m and n. 
(d) If ZAOC = ZBOC, find the relation between m and n. 
() Hence find the equation of the line OC. 


SUMMARY 


© Magnitude of vector a =|a| =a. 

© Ifa =kb, where kis a scalar (a number) #0, then the vectors a and b are parallel 
‘and in the same direction if k > 0 but in opposite directions if k <0. 
lal=|Alx|b] 

© Conversely if a and b are parallel (a #0, b #0), then. a 
if PQ =kQR (or PQ = kPR) and conversely. 





= kb. P,Q and R are collinear 
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© IfOA =a, OB =b, a+ b is the diagonal OC of the parallelogram OACB. 


© a~bis the vector from the end of b to the end of a, 
b= ais the vector from the end of a to the end of b, 
where a, b start from the same point. 


@ If ma +nb = pa + qb then m =p and n=q. 
© ‘The position vector of A is the vector OA where O is the origin. 


© i, j are unit vectors in the directions of the positive coordinate axes. 
Column vector form: ($) = ai + bj 
If r = ai + bj =(4), then |r| = Va? +B, tan @ = & (check for the correct 
quadrant), 


© The unit vector in the direction of r is #. 
If r= ai + bj, then # = APL 


Va +b 
© Scalar product of a and b = a.b=|a] x|b| cos @ where @ is the angle 
between a and b. 


sable wach 
cos O= TTT] 

Commutative law: a.b = b.a 

Distributive law: a.(b +c) =a.b + ac. 

If a and b are parallel, a.b = ab (same direction), or a.b = -ab (opposite 
directions). 

Ifa and b are perpendicular, a.b = 0. 


(ai + bia + bi) =($1).() = a2, + bb, 


REVISION EXERCISE 8 (Answers on page 626.) 
A 
1 Given a = 2i- 5j, b = -Si- 12j and ¢ = mi + nj, calculate 
(a) a.b, (b) the angle between a and b. 
(©) Ifa.c = b.e, find the relation between m and 1. 


2 The position vector of A relative to an origin O is 3i + 5j. Given that AB = 8i + 2), 


evaluate OA.OB and hence find angle AOB. «cy 
3 The points A, B and C have position vectors p + q, 3p ~ 2q and 6p + mq relative to 
an origin O. Find the value of m for which A, B and C are collinear. (c) 


4 The position vectors of A and B relative to an origin O are 6i + 4j and 3i + pj 
respectively, Express AO.AB in terms of p and hence find (i) the value of p for which 
AO iis perpendicular to AB, (ii) the cosine of ZOAB when p =6. © 

§ A,B and C are points with position vectors 4p —q, 4(p + 4) and p + 2q respectively, 
relative to an origin O. Obtain expressions for AB and AC. Given that B lies on AC, 
find the value ofp. © 
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< 
6 (a) OA is perpendicular to (~) and | OA | = 15. State OA in column vector form 
if A lies in the first quadrant. 
(b) | ai + bj | = 5 and ai + bj is perpendicular to 8i — 6). Find the value of a and of 
b. 


7 Points A and B have position vectors a and b respectively relative to an origin O 


(Fig. 8.38). The point D is such that OB = pOA and the point E is such that AE = 


gAB. 
B 


Fig. 8.38 
° 


The line segments BD and OE intersect at X. If OX = 3 OE and XB = $DB express 
— 
OX and XB in terms of a, b, and q and hence evaluate p and 4. © 


8 (a) Given that OM =i +3) and ON 
ZMON to the nearest degree. 
(©) The position vectors, relative to an origin O, of two points S and T are 2p and 2q 
respectively. The point A lies on OS and is such that OA = AS. The point B lies 
on OT produced and is such that QT = 2TB. The lines ST and AB intersect at R. 
Given that AR = 2. AB and that SR = y ST, express OR (i) in terms of p, q and 
A, (ii) in terms of p, q, p. Hence evaluate 2. and pi and express OR i in terms of p 
and q. (C) 
9 The position vectors of A, B and C are a, b and ¢ respectively relative to an origin O. 
Draw a diagram showing the positions of O, A, B and C given that (i) ac = 0, 
(ii) b-a=ke ii) b.(a - ¢) = 0, (iv) 2] b| =|a-cl. 
‘What is the position of B relative to A and C? 





j, evaluate OM.ON and hence calculate 








10 The position vectors, relative to an origin O, of three points A, B and C are 2i + 2), 
Si + 11j and 111 + 9j respectively. 
~~ ~ 
(i) Given that OB = mOA + nOC, where m and n are scalar constants, find the value 


of m and of ne, 
(ii) Evaluate AB.BC and state the deduction which can be made about ZABC. 
(iii) Evaluate AB.AC and hence find ZBAC. © 


11 The position vectors of A and B are i + 3§ and ~2i + j respectively. 
(a) Evaluate OA.OB and hence find ZAOB. 5 
Cis a point whose position vector is given by OC = OA + AB. 
(b)_ Find the values of t for which (i) OC is perpendicular to AB, (ii) IOC! = IACI. 
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12 The position vectors of points A and B relative to an origin O are a and b respectively. 
The point Pis such that OP = 408, The midpoint of AB isthe point Q. The point R 
is such that OR = $09. 

Find, in terms of a and b, the vectors OQ, OR, AR and RP. Hence show that R lies 
on AP and find the ratio AR:RP. - 

Given that the point $ is such that O8 = yw OQ, find the value of 1 such that PS is 
parallel to BA. © 

13 P and Q have position vectors 2ri + (¢ + Ij and (¢ + 1)i — (¢ + 2)j respectively. 
If [OP] = | OQ] show that 3¢ — 4r - 4 = 0 and hence find the possible values 

> 
of f. For each one, calculate OP. OQ and the angle POQ. 

14 OABC is a quadrilateral with OA = a and OC =e. 

If (a + ¢).a ~ ¢) = 0, what type of quadrilateral is OABC? 
If, in addition, a,c = 0 what is the quadrilateral? 
~> 
15 OA =a and OB = b. C is the midpoint of AB and D divides OB in the ratio 2:1. AD 
and OC intersect at P. 
ee OE = 
(a) Taking OP = pOC and AP = gAD. find two vector expressions for OP and hence 
find the ratio OP:PC. 
(b) E divides OB in the ratio 1:2 and AE meets OC at Q. By a similar method, find 
the ratio OQ:QC. 
(c) Hence find the ratio OQ:QP:PC. 

16 The position vectors of A, B and C are -a + 2b, 2a + 3b and 3a + Sb respectively. 
P divides BC in the ratio 3:4. Q lies on AB so that AQ = ZAB. R lies on AC so 
that GR = 2AR. Find the position vectors of P, Q and R. Show that these points are 
collinear and state the ratio PQ:QR. 


17 The points A and B have position vectors 4i + 3j and i + 4j respectively. 
If cos ZAOB =, find the values of ¢. 

18 The position vector p of a point P is given by p = (cos 8)i + (sin ®)j. 
Find the equation of the curve on which P lies for all values of 6. 

19 If ab = a.c, show that a is perpendicular to b — ¢. 


20 In AAOB, OA = a, OB = b. The altitudes BD and OE intersect at H and OF = 
9 
(a) State BH in terms of h and b. 
(b) Show that (hi ~ b).a = 0 and that h.(b ~ 
b(h—a) = 0. 
(©) Hence state a geometrical result about the altitudes of a triangle. 
21 If AB =a and AC=b, show that the area of the AABC is given by }V(ab)'~ (a.by. 


Hence find the area of ABC if the coordinates of A, B and C are (3,2), (-1,—1) and 
(5,-3) respectively. 


3 





and hence deduce that 
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22 The points A, B and C have position vectors a, b and ¢ respectively. L, M and N 
are the midpoints of AB, BC and CA respectively. G lies on CL so that CG = 2GL. 
Find the position vector of G. Show that A, G and M are collinear and state the 
ratio AG:GM. (Similarly B, G and N are collinear and BG:GN = 2:1. G is called the 
centroid of the triangle ABC.) 


Calculus (1): 
Differentiation 


Calculus is a very important branch of Mathematics. It was developed by Newton 
(1642-1727) and Leibnitz (1646-1716) to deal with changing quantities. The gradient of 
a curve is an example of such a quantity and we begin with this. 


GRADIENT OF A CURVE 


The gradient of a straight line is constant. It is equal to 
a between any two points of the line (see 
Chapter 1, page 8). On a curve however, the gradient is 
changing from one point to another. We define the gradi- 
ent at any point on a curve therefore to be the gradient of 
the tangent to the curve at that point (Fig.9.1). Fig.9.1 


ranger 


the ratio 


We now find a gradient function, derived from the function represented by the curve, 
using a method called a limiting process. Consider the simple quadratic curve y = 2 
(Fig.9.2) and take the point P(3,9) on that curve. 





Fig.9.2 
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Now take a point near P, say Q,(4,16). The gradient of the line PQ, is 
only approximately equals the gradient of the tangent at P. 


To get a better approximation we try again, this time with Q,(3.5,12.25) which is closer 
toP. 





The gradient of PQ, = 325 = 6.5. 


Now see what happens if we repeat this, taking positions of Q closer and closer to P, using 
a calculator (Fig.9.3). 





Fig.9.3 
Coordinates of Q oR PR Gradient 
(3.3,10.89) 1.89 03 63 
3.19.61) 0.61 01 61 
(3.01,9.0601) 0.0601 0.01 6.01 tending to 6 
(3.001,9.006001) 0.006001 0.001 6.001 


(3.0001 ,9.00060001) (0.00060001 0.0001 6.0001 


The sequence of values suggests that as we continue, taking Q closer and closer to P, the 
gradient approaches 6. We say that 6 is the limiting value or limit of the sequence. As 
Q —= (tends to) P, the gradient of PQ ——~ 6 and we take this limiting value as 
the gradient at P. 

Note that we cannot find this value directly. We have to use this limiting method. (We 
also have to be sure that there will be a limit but this will be assumed in our work). 


Exercise 9.1 (Answers on page 626.) 


1 Repeat the limiting process to find the gradient where x = 2 and x = —I on the curve 
yer, 


2 Use the limiting method to find the gradient at the point where x = 2 on the curve 
ys2e, 
3 By the same method, find the gradient where x = 4 on the curve y = Vx. 
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GENERAL METHOD FOR 
THE GRADIENT FUNCTION 
To find the gradient at another point on the curve we must repeat the calculations. A 


better approach would be to find a formula for the gradient, using the same method. 
In Fig.9.4, we take a general point P whose coordinates are (x,x°). 





Now take a nearby point Q where x, =x-+h, At present the value of h is not specified 
except that h #0. 
Then yg = (x +h) 
Gradient of PQ = SF 
= thas 
rs h 
= Behe wee 
hk 
= Dh+ ht 
h 
2 +h (h#0) 


Now suppose Q moves closer and closer to P, ic. h ——> 0. Then 2x + hh—> 2x. 
The limiting value of 2x + h is 2x and we take this as the gradient at P, When x = 3, the 
gradient = 6, as we found before. When x = 0, the gradient is 0, which can be seen from 
the graph as this is the turning point. 

The function x +——= 2v is the gradient function for the curve y = °. Each curve 
will have its own gradient function which we find by the limiting method, known as 
working from first principles. 





187 





Example 1 
Find the gradient function for y = 2x° — 3 (Fig.9.5). 





Fig. 9.5 


P is a general point (x, 2x*~ 3). 
Qis a nearby point with x, =x +h, y= 2x + hy 3, 





QR = 2x + AP -3- (2-3) 
= 2 + 4th + UP - 3-20 +3 
= 4uh + 2h 

IR _ 4xh+ 2h _ 

QR = Shee Lar4 2h 


Now as h———> 0, 4x + 2h ——> 4x. The limiting value is 4x. The gradient function 
is therefore x -—* 4x. 





Example 2 


(a) Find the gradient function for the curve y = x' + 2x (Fig.9.6). 
(b) Hence find the gradients at x = 0 and 
(c) Is there a value of x where the gradient is 0? 

Yur s2x 
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(a) Take P as (x.x° + 2x) and a nearby point Q where Xyexth, 
Yo = (x + hy! + 20x +h). 

x +h) +204 h)— (8 +28) 

C+ 3th + Buh? +H + Qe + Qh =x — 2 

Bah + Buh? +h + 2h 

Gradient of PQ = Pt = SEA+ Suh + + 2h 






Then QR 







32 + 3xh +P +2 









As h-—= 0, 3xh and fi each ——~ 0, The limiting value is 3x? + 2 and the 
gradient function is.x ——= 3x° + 2. 


(b) When x = 0, the gradient = 2; when x =-1, the gradient = 5. 
(©) The equation 3x° + 2 = 0 has no solution so the gradient of the curve is never 0. 








NOTATION 


If the equation of the curve is y = f(x), we write the gradient function as f(x). 
If we take a point P on » = f(x) (Fig.9.7), the coordinates of P are (x.f(x)). The 
coordinates of Q are (x + h, f(x + A)). 


y 









fxs A) 


Fig.9.7 


Then QR = f(x + A) — f(x) and the gradient of PQ = feat 


The limiting value of Bake he ash —— 0 will be f(x). 


fix +h) - f) 


We write this as f(x) = lim 
me h 


tim means ‘take the limiting value when h ——> 0°. 
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f(x +h) - f(x) = —1— 


@+h-DG-) 


=I 
G+h-Da-D 
Ash—* 0,x+h-1—* x-1. 





Then fut A) =f) 
A 


P = =! 
will be Zp and FH) = Gap 


Note that this is always negative, so the gradient on the curve is always negative, as 
seen from the sketch (Fig.9.8). 


hy - 
So the limiting value of “¢*2= "0. 





Fig.9.8 











Exercise 9.2 (Answers on page 627.) 
1 Find the gradient function for the following curves: 
(@) y=30 (b) y=3r-1 (©) yer +x-1 
(d) y=2-% (©) y= ¢ (X40) () yex-r4+l 
(g) ¥ 






a 

2 For each of the curves in Question 1, find the gradient where (i) x = 2, (ii) x= -1, 
(iii) x = 0 (except curve (e)). 

3 (a) Find the gradient function for y = 3x° - 6x + 2. 
(b) For what value of x is the gradient 0? 
(©) Hence find the minimum value of the function. 
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4 (a) If f(x) =x — x, find fo). 
(b) For what values of x is the gradient on the curve y = f(x) zero? 
(©) Find the values of f(x) at these points. 


5 By finding the gradient function, show that the curve y = 1 ~ 4x ~ x? has a tuming 
point where x = -2. Is this a maximum or minimum point? 





6 Find the gradient function for the curve y = + + 4x (x #0). 
Hence find the values of x where the gradient on this curve is zero. 


7 Find the gradient function for y = ax? + bx + ¢ where a, b and c are constants. 


The dy, 5x Notation for the Gradient Function 


To find f'(x), we took two points whose x-coordinates were x and x + h. We now introduce 
anew and important notation. Instead of h, we write 5x (read delta x) which is one symbol 
for the change in x, called the increment in x. 

We use the curve y = x? again (Fig.9.9). Now if x changes to x + 8x, y will also change 
to y + dy, where dy is the corresponding increment in y. 


By = (x4 Bx - 








Fig.9.9 


PR = &r, QR = By. 
The coordinates of Q are (x + 8x, y + 8y) and so y + By 
QR = (e+ Sy? =F 
= + 2rde + (8x)? — 
= 2xdx + (Bx)? 
‘ = By _ 2xir + Ge? _ 
The gradient of PQ= 2 = AN HOU =x + de 


Now we let 6: ——> 0. The limiting value of will be 2x, so the gradient functi 
2x as before. 


The special feature of this notation is that we write the gradient as # (read dee y by 
dee x) to symbolize the limiting value of 2 as 8: ——~ 0. 
(The curly 6 is straightened to ordinary d to show that we have taken the limiting value). 





is 





191 


So rays P= im, Be jim fee iat, 


This dy, 6x notation will be used from now on. 


Note: $ is 10 be taken as one symbol and NOT as a fraction. 





Example 4 


Ify = 16x + &, find © from first principles: 
Find the value of x where the gradient is 0. 


f(x) = 16x + Land fx + 8x) = 16(x + Bx) + aa 


Hence f(x + 6x) - f(x) = 16x + 16x + ———— - 








= 168 + 
= 168x 
2 G8 
= 168x - 
by 2e+ be 
Then & = 16 — 2+ 8_ 
en gy 6 Cape 


As &x ——= 0, 2x + &x ——= 2y and x + &x —— x. 





® 2 tim 3 
Then ge = iM, ér 
When the gradient is 0, 2 = 








Exercive 9.3 (Answers on page 627.) 
1 Find from first principles for 








2. What is the gradient of y O if y =k (a constant), 


3 Given y = 2x? — 4x + 1, find (a) and (b) the coordinates of the point on the curve 
where the gradient is (i) 0, (ii) -8. 


5? Hence explain why $ 





4 (a) Find $2 if y =x + ax +3 where a is a constant. 
(b) Find the value of a if the gradient where x = 3 is 2. 
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MEANING OF 3% 

The notation {¥ for the limiting value of $ as &k ——~ 0 is appropriate as it is a 
reminder that % is derived from $2. We call this differentiation (as it uses the differ- 
ence 8x) and 4 is called the derivative or the differential coefficient of y with respect 


to x. We shall use the abbreviation ‘wrt’ for ‘with respect to’. 
gives the gradient function for a curve and the value of $ at a given point is the 
gradient of the curve and therefore of the tangent there. 

Now the gradient at a point measures the rate at which y is changing wrt x, The steeper 
the gradient the greater this rate of change. For example, on the curve y = 2°, the two 
quantities are each changing and the rate of change is 2x. When x = 3, y = 9 but y is 
changing at that point 6 times as much as.x is changing. $¥ measures this rate of change. 
This is what makes differentiation a powerful tool in Mathematics. 

The idea and notation can be applied to any function. For example, if s is a function 
of t, 5 =f (0), then 4 is the rate of change of s wrt 
If A is a function of r, A = f(r), then $4 is the rate of change of A wrt r. 











Example 5 

Ifp = 38-241, find &. 

pis a function of 1 so we take an increment 8 in ¢. 
The corresponding increment in p is 6p. 

ie 3 

a= im, 

p+ p= 31+ 81)? -2Ar+ 1) +1 

Now show that 8p = 615 + 3(61)? ~ 28 

42 = 61 + 361 —2 and the limiting value is 61 - 2. 


Hence % = 61-2. 





NOTE ON INDICES 


‘We shall be dealing with negative indices shortly so this note recalls the rules for indices. 
To multiply powers of the same term, add the indices. 
OX Park xxxxrxX res? 


To divide powers of the same term, subtract the indices. 


SOC 


=x and x” 












x? but 5 = 4. 
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THE DERIVATIVE OF ax” 


Here are listed some of the derivatives we have already found: 


Function Derivative 
x 2x 
28 4x 
an 2 
lent -fewt 
Can you see a pattern in these? 
‘The derivative of x? is 2x = 2x 





‘The derivative of 4x° is 12x7 = 4 x 3x°'. 

‘The derivative of x! is -x? =-Let"'. 

We deduce the following rule (which we shall not prove): 

to differentiate a single term, multiply by the index and then reduce the index by 1. 


For example, to find the derivative of 5x": 
the index 3 becomes a multiplier 


5x 3x2 <— the new index is 3-1 =2 


The derivative of ax* is anx™'. 


‘What about the derivative of a constant, say y = 5? This is 0, as the gradient is always 0. 
The derivative of a constant is 0. 


If 
Ify= 


vy, Y= 1 
ax, & = an 






dy = 
(a constant), & = 





THE DERIVATIVE OF A POLYNOMIAL 


In Example 5, we saw that the derivative of the polynomial 3° — 2r + 1 was 61 - 2. The 
derivative of 3# is 6r, the derivative of -2r is -2 and the derivative of 1 is 0. These are 
added to obtain the derivative of the polynomial. 


‘The derivative of a polynomial is the sum of the 
separate derivatives of the terms. 


‘This rule applies only to polynomials and does not apply to functions such as V3x— 1 or 
4+2 which are not polynomials. 





Example 6 
Differentiate wrt x (a) 3x° +7, (b) x - 4.8 — 4, (c) (2x- 3 (a) 4, 
(e) ax! + 26x — cx +7 where a, b and c are constants. 
(a) Ify = 3x5 +7, then 2 = 3 x Sx! +0 = 15x4, 
Note: Do not write 3x° + 7 = 15x+. This is 
function and then write $2. 
() Ifyse- 52-1 ex peer! 
then 2 =3x- } x 2e!-CIt=3r-x+ 5 
Rewrite reciprocals such as + in terms of negative indices before differentiating. 





incorrect. Use a letter such as y for the 


(©) Here we express (2x - 3)? as a polynomial first by expansion. 
Qx-3) = 4x? 12 +9 
Ify = 4x - 120 +9, then 2 = 8x— 12x" + 0 = 8x— 12, as.x°= 1. 
@) Iy= 3 =4r then 2 = 4¢-3)r™ = 12+ 


which can be left in this form or written as — 17, 


(©) Hy = ax + 2bx?-cx+7, then 2 = 3ax? + dbx — cr? +0 = Bax? + Abr —c. 








Example 7 


Find the coordinates of the points on the curve y = x! ~3x° 9x +6 where the gradient 
is0. 

The gradient = 3. 

= 3x 6x -9 = 3(2 ~ 2x -3) = B(x - 3+ 1) 

Ifthe gradient = 0, then {¥ =0 and so 3(x ~3)(x+ 1) = 0 which gives x =3 or.x 
When x = 3, y = 3° — 3(3%) - 93) + 6 = -21: coordinates (3,21) 

When x = -1, y = (1) - 3-1)? - 91) + 6 = 11: coordinates (-1,11) 














Example 8 
(a) Differentiate A = 22° + 21rh wrt r, where h is a constant. 
(b) IfT = Gerte find ¢ and the values of p for g =0. 


(a) A = 2x 2r! + Inthe? = Ane + Inh 
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(b) Here we rewrite the expression as a polynomial first. 


(dividing each term in 


Gp+? _ 9p? + 641 
P the numerator by p) 


P 





ars eiptso= L 
Then 4 =9+0+(-Ip?=9- 4 


If <F =0, then 9 = 4 and p=+ 5. 





Exercise 9.4 (Answers on page 627.) 
1 Differentiate wrt x: 








(a) 5x (b) 4e 

(d) 3e-5 (e) 3P@-x-1 

(g) 1-32 (hy) @-1P 

@ 3+ &) @-29 

Ore ee wes () 2228283 @ S52 
( 2ago! 


2 Differentiate s = 3° —4r—2 wrt 
3 1fW=38-2P +73, find 


4 Given u = (31 - 2), find - 





5 y=4i?—jur +6. Given that the rate of change of y wrt.x is 2 when x = 1, find the value 
of p. 


6 Find the gradient on the curve ) 
7 The gradient on the curve 


8 Find the coordinates of the points on the curve y = 3x° — 4x + 2 where the gradient 
is 0. 





4x° - 10x + 1 at the point where x = 





ax? - 3x + 4 where x = -2 is 13. Find the value of a. 





9 Find the coordinates of the points on the curve y = x" ~ 3x° +.x— 5 where the gradient 
is 1. 


10 Find the values of z for which {2 = 0 where P = 42) - 22° - 82 +5. 


11 Show that there is only one point on the curve y = x* — 32x + 10 where the gradient 
is 0 and find its coordinates. 


12 Given that w= 40 + 3¢ — 61 — 1, find the values of ¢ for which #4 = 12. 
13 Find the values of t for which 4 = 0 given that s = 40 + 7-2-5. 
14 Given v= 4s*— 12s ~7, find $¢. For what value of s is wa4? 


15 Given that the curve y= ax? + has a gradient of 5 at the point (1,1), find the values 
of a and b, What is the gradient of the tangent to the curve at the point where 





16 If the gradient on the curve y = ax + 4 at the point (-1,-1) is 5, find the values of 
aand b. 


17 The curve given by y = ax’ + bx? + 3x + 2 passes through the point (1,2) and the 
gradient at that point is 7. Find the values of a and b. 





18 Given y = 2x' - 3x° - 12x + 5, find the domain of x for which 20. 


4 + be and when t= 1, P=-1. 
I 


19 The function P is given by P 
The rate of change of P when 1 = 

20 Given that R = mp* + np? + 3, find 2. * . When p = 1, 2% = 12 and when p = 
&& = — 3. Find the values of m and ra 


COMPOSITE FUNCTIONS 


In part (c) of Example 6, to find the derivative of (2x ~ 3)°, we first expand it into a poly- 
nomial. Similarly, if we want to find the derivative of y = (3x 2)°, we first expand it into 
a polynomial. This would be rather lengthy so we look for a neater method. To do this we 
take (3x - 2)° as a composite or combined function. 

‘The function y = (3x - 2) can be built up from two simpler functions, u = 3x - 2 and 
then y =u, We call the core function. 

Now wis a function of xso 4 y isa function of the core uso $* = Su‘. To obtain 
from these two derivatives we use a rule for the derivative of composite functions 
(which we shall not prove): 


is -5. Find the values of a and b. 


















dy dy - du 
9-9, 


dx ~ du ~ de 


where y is a function of w and w is a function of x. 


Note: du cannot be cancelled on the right hand side as these are not fractions but deri- 
vatives. However the notation suggests the result and is easy to remember. 


Then $ = Su! x3 = 1Su! = 15(3x - 2)*. 
Example 9 
Find & given that y = (x? — 3x +1). 
Take u =x - 3x + 1 as the core. Then y 


Gr = 2¥— 3, differentiating the core wrt x 


Multiply these two derivatives to obtain & : 
@ = dw? x 2x - 3) = 42x - 3)8 — 34 + 1). 














Example 10 
Find & ify = (ax + bx +cV. 
Take u = ax? + bx +c and then y =u". 
= mu! and {4 = 2ax +b. 
Then & = mu"! x (ax + 6) = n(2ax + bY(ax* + bx +c. 
With practice, $* can be written down in two steps on one line. 


Suppose y = (core)* (core being a function of x) 
Step 1 Step 2 
ay = core) 
a =n(corey! x | SS 
derivative of (core)* derivative of core 
wrt core wrx 





Example 11 
2 

Differentiate —¥epq wrt x. 

Take y = 27 — 3x + 1)" 


Then & = 2-1)? — 3x + 1)? x 2x23) 
202-3) derivative of core wit x 


* (3+ IP 














Example 12 
Given that s = 31 7=3;, find (a) $ and (b) the values of s when 4 = 3. 
(a) s=3¢-(1=21" 
core 
f= 3- (CA - 20-2) 


derivative of core wrt 








2 
(b) 13 - Gap = Fe then Gay = § ie. 9= (1-20 
Hence 9 = Dix anoedee 4:-8=0 
which gives P -1-2= ee so Oand 1 =2or-1. 
When f= 2, 5=6- 












Exercise 9.5 (Answers on page 627.) 
1 Differentiate the following wrt x: 








(a) («-3P () Gr-1 (c) (5~2x? 
@ (4x-5)" (©) (4x-3) () @-x+1) 
(g) G-x-2e" 0 + 
® ste (&) (rt ® #3 

4 
@) (n) (ax +d) (0) a uy 
® Tay @ @-zY 


2 Ifs = (2t— 1), find (a) $ and (b) the value of ¢ for which $f = 
3 If y= (3r - 24 + 1) find the value of $¢ when = -1. 
4 Given that A = $ - “5% find $4 and simplify the result. Hence find the value 
of for which $4 = 
ntl ds dss 
5 Man lag find ad he values of «when 





: 


6 The equation of a curve is y=2x— <4. Find (a) { and (b) the gradient of the curve 





when x = -3. 
z Hi the weaiest ofthe core = 3 mi where x = 2. 
8 Ify= fis hn cots ls pele wes irae = 





+ 


9 If y= qtyy find the coordinates of the point where the gradient = 2. 
10 Given that v= 3, find (a) $2, (b) the values of when $ = 3. 
11 Ify = 3¢+ 1+ dy, find (a) $ and (b) the values of t when = 24. 
12 When x = 1, the gradient of the curve y = 52 is 2. Find the values of a. 


13 Given that L = 15> and that L = 1 and 4 = 3 when x = 1, find the values of 
aand b. 


14 The curve y = p= passes through the point (1,-1) and its gradient at that point is 
2. Find the values of a and b. 














THE SECOND DIFFERENTIAL COEFFICIENT oy 

If y is a function of x, then {is also a function of x (or a constant). 

Hence we can differentiate 4 wit x. This gives the second differential coefficient 
2 which is written as £3 (read dee swo y by dee x two) for brevity. The 2's are not 
ee but symbolize differentiating twice. 

‘The square of 2 is written as (%)%. 

& is sometimes also written as f"(x) where y = f(x). 
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Example 13 
ag £ dy)» 
Find 2 and (2) if 
(a) y= 20-38 +1, (bby =(4x-1P, (0) 





@ 2 = 62-6 


ay -1Px4= -17 
(0) = 34x 1)? x 4 = 12G4x 1) 
$Y = 2dr — 1) x4 = 96¢4x— 1) 


dyy _ 
Q = 144(4x- 1), 


AAs we shall see, © has important applications. It is also possible to find further 


derivatives, such as £2, ete. but we shall not use these. 





Exercise 9.6 (Answers on page 626.) 
1 Find 2 and {2 for 
(@) 4x°-Se +8 (b) (2-7)? © (4x @) } 
 e-1 oy () ¢-¥-4 
2 Ifs=3e- 3, find 4 and <5. 
3 Ify = (ax +2) and $Y = 18, find the values of a. 


4 y= ax + bx. Given that 2 1} and that oy =3 when x= 4 find the values of 
aand b. 














§ For the function y = (ax + b)*, ¢ =-6 when 3 
Find the values of a and b. 





6 If the gradient of the curve y = 2x° + yx? ~ 5S is -2 when x= 1, find the value of and 
the value of $2 at that point. 

7 fy = yh, find (4)? and £2. Show that yf = 2( 2) 

8 If s= 30-30 + 361 + 2, find the values of ¢ for which & =0 and the value of ¢ for 
which 5 =0, 

9 Ify = 2x) — 4x2 + 9x5, what is the range of values of x for which £2 > 0? 





SUMMARY 
© Ify = f(x), (0) is the gradient function, The value of f(x) is the gradient at a 
given point. 
© fxy= 2 = tim & = jim 4+ S9=19 where dx is the increment in x. 
ge BF ay 


e a is the derivative or differential coefficient of y wrt x, It measures the rate 
of change of y wrt x. 
© ify=ar, © = nar; ify =k (a constant), =0 


© The derivative of a sum of terms or a polynomial is the sum of the derivatives of 
the separate terms. 





© [fy =f(u) where wis a function of x, 
a 
( 
° is the second differential coefficient of y wrt x, written as [For as £"(x) 
ik 











= fi). 


REVISION EXERCISE 9 (Answers on page 628.) 


1 Differentiate wrt x: 


(a) (x 5) (b) (1 = 2x)* 
© se (@) Qe-1)' 
() (1-3x-2"9 

(g) (2x- f° 

() are 





2 If y =x° - 3x + 7, for what range of values of x is  < 0? 


3 Find the gradient of the curve y = 5 + 2x ~ 3x at each of the points where it meets the 
a-axis. 
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4 (a) Find the gradient of the curve y = § where x = 3. 
Hence find (b) the equation of the tangent at that point and (c) the coordinates of the 
points where this tangent meets the axes. 
(@) Calculate the distance between these points. 
5 Given that s = 3 — 41 + 1, find the rate of change of s wrt ¢ when s = 5. 
6 Wy =4x—- 7p find & and £Y. 
7 For the function y = 2x*— 4x, find & and £2, 
& 


de 
Hence find the value of = when x = 2, 


ce 
43 





8 IfA = 74> where pis a constant > 0 and the rate of change of A wrt r is - $ when 


r= 0.4, find the value of p. 
9 The tangent at the point (a,b) on the curve y = I ~x~ 2x? has a gradient of 7. Find the 
values of a and b. 

10 The curve y = ¢ + bx (a, b constants) passes through the points A(I,-1) and 
BG4,-11). (a) Find the value of a and of b. (b) Show that the tangent to the curve at 
the point where x = -2 is parallel to AB. 

11 (a) Show that the gradients of the tangents to the curve y = 7 —x—2 where the curve 

meets the x-axis are numerically equal. 
(b) Find the equations of these tangents and show that they intersect on the axis of 
the curve. 





12 The line y = x + 1 meets the curve y = x° - x —2 at the points A and B. Find the 
gradients of the tangents to the curve at these points. 


13 If p = 2s) —s? - 28s, find the values of s which make {= 0 and for these values of 
$ find the value of $2. 


14 The gradient of the curve y = ax’ + bx + 2 at the point (2,12) is 11. Find the values of 
aand b. 


15 If y =x + 3x° - 9x + 2, for what range of values of x is $2 negative? 
16 Given that y = (x + 2)? — (x - 2)’, find the range of values of x for which 2 20. 


17 If y= 4 + Bx, where A and B are constants, show that 242 + x 
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18 The velocity v of a moving body whose position vector ris given by r=. 
x and y are functions of 1, is the vector v = $i + $43 (Fig.9.10). 


(a) If r = 214 + (5 ~ Dj, use the above to find the vector v. 
(b) Find the value of ¢ for which v is perpendicular to r . 


+yj. where 





Fig.9.10 
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Calculus (2): 
Applications of l 0 
Differentiation 


INCREASING AND DECREASING FUNCTIONS 





y- increasing 





Fig. 10.1 


On any stretch of the curve y = f(x), where 2 > 0, the curve slopes upwards. Hence y 


increases as x increases and f(x) is an increasing function. 

Similarly if $2 <0, y decreases as x increases and f(x) is a decreasing function. 

At any point where 2 = 0, f(x) has a stationary value and is neither increasing nor 
decreasing. Such a point is a stationary point. 





Example 1 


For what range of values of x is the function y = x' ~ 3x2 ~ 9x +4 (a) decreasing, 
(b) increasing? 


& sax 6-9 = 3¢8 - 2x3) = 3(r- 3+ DD 
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(a) & <0 for -1 <x <3 and the function is decreasing in this interval (Fig.10.2). 


Fig. 10.2 





(b) & > 0 for x <-1 or x > 3 and the function is increasing in these intervals. 





‘The function has stationary values at x = 3 and at x = 











Example 2 
(a) For what range of values of x is the function y 
the coordinates of the stationary points? 





=xt+ 7 increasing? (b) What are 


a 

< 4x 

pins Psat 2 
® >0if 1 > ie. de> 1 ore > 





gd 
@ # 
1 
L 
Hence x<-1 or x> 1. 
This is illustrated in the sketch of the curve in Fig. 10.3 
ws -) s0ie x=! andx=t! 
(>) 2 =0where 1- 3 =Oie. x= tandx=2h. 


So the coordinates of the stationary points A and B are (4,1) and (-1,-1). 





increasing 5 


Fig. 10.3 
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TANGENTS AND NORMALS 


‘As we have seen, if y= f(x) is the equation of a curve, then % gives the gradient of the 
tangent at any point (Fig. 10.4). 





Fig.10.4 


Associated with the tangent is the normal, which is perpendicular to the tangent. The 
gradient of the tangent is “, so the gradient of the normal is — 





Example 3 


Find the equations of the tangent and the normal to the curve y = x2 — 2x - 3 at the 
point where it meets the positive x-axis. 


When y = 0, x - 2x - 3 = (x- 3)(x + 1) = 0. So the curve meets the positive x-axis 
where x= 3. 


Y sor a 
gy 7 2e—2and when x=3, 2 =4. 


We write this briefly as (22) |, =4, meaning the value of © when x = 3. 
‘The equation of the tangent is then y = 4(x - 3) ie. y = 4x - 12. 

The gradient of the normal = — } so the equation of the normal is 
ya-4r-Die dyex=3, 





Example 4 


(a) Find the equation of the normal to the curve y = x + 4 at the point P where 
xsd. 


(b) If the normal meets the curve again at N, find the coordinates of N (Fig.10.5). 





(a) The coordinates of P are (4,4 + 4) ie. (4,5). 


dy 4 dy 1 
&a'- $9 (F).0 
Hence the gradient of the normal = - 


‘The equation of the normal is y - 5 =~ 4 (x4) ie. 3y + 4x = 31. 
3 





wie ate 


(b) To find where the normal meets the curve, we solve the simultaneous equations 
3y+4x= Bland y=x+ 4. 
xt $= UE ie. 3x? + 12 =31x- 48 of 7x7 - 31x + 12=0. 
‘Then (7x — 3)(x- 4) = 0 which gives x= 4 or 3. 


x= 4 is the point P so the coordinates of N are (3, 3 + 





ar 





Se 
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Example 5 


(a) Find the x-coordinate of the point on the curve y = 2x! +x° ~ 2x +1 where the 
curve is parallel to the line y = 2x. 
(b) Is any part of the curve parallel to the line y + 3x = 1? 


(a) 2 = 6x? + 2x ~2 and this must equal 2 (the gradient of y = 2x). 
Then 6x2 + 2x — 2 = 2 which gives 3x° +x - 2 = 0 or (3x ~ 2)(x + 1) =0. 
Hence x = 3 or -1. 
At these points the curve is parallel to y = 2x. 


di 
(b) re = 6x + 2v-2 =—3 (the gradient of y + 3x = 1), then 6° + 2x+ 1 =0. But 





this equation has no real solutions. Hence the gradient of the curve is never equal 
to -3 and the curve is never parallel to y + 3x= 1. 
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Exercise 10.1 (Answers on page 628.) 
1 Find the range of values of for which V is increasing if V = 48 - 3¢. 
2 In what interval must x lie if the function y = x* — 2° is decreasing? 


4+ 1 increasing? State the coordinates of the 





3 For what values of x is the function y 
stationary points on the curve. 


4 Find the range of values of x for which the function y = 1 — x + 2x? - x’ is increasing. 


5 Find the interval in which x lies if the function y = 2x’ + 3x ~ 12x + 4 is decreasing 
and the coordinates of the stationary points. 


6 For what values of fis the function s = 4 — 3 + 2° decreasing? 


7 Find the equations of the tangent and the normal to the following curves at the given 
point: 







@ yel-x-328-x,x=-1 
© y= 7lgiyel 
8 The tangent to the curve y = x* - 2x + 3 at a certain point is parallel to the line y = x. 


Find the equation of the tangent and the coordinates of the point where it meets the 
x-axis. 


9 Find (a) the coordinates of the point on the curve y = 3x + 2x + 1 where the tangent 
is parallel to the line 4x + y = 5 and (b) the equation of the normal at that point. 





10 (a) Find the equation of the tangent to the curve y = x’ — 2x? + x at the origin. 
(b) At what point does it meet the curve again? 

11 The normal to the curve y = 2x— 
P. Find 
(@) the equation of the normal, 
(b) the coordinates of P, 
(©) the equation of the tangent at P. 

12 The normal to the curve y= 2x— <1; at the point where x= 1 meets the curve again 
at a second point. Find the x-coordinate of this point. 


13 A and B are points on the curve y = 2x— $ whose x-coordinates are 1 and 3 
respectively. Find the equations of the tangents at A and B and the coordinates of the 
point where they intersect. 

14 Show that the function y = x» + x° + Sx + 6 is always increasing. 


15 If the function y = x° + ax" + 3x — 1 is always increasing, find the range of possible 
values of a. 


where x= 2, meets the curve again at the point 
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16 (a) The normal at the point A(-1,2) on the curve y = 3 — x* meets the curve again at 
B. Find (i) the equation of the normal at A and (ii) the coordinates of B. 
(b) Find the coordinates of the point C on the curve where the curve is parallel to the 
normal at A. 


STATIONARY POINTS: MAXIMA AND MINIMA 


As we have seen, a curve y = f(x) has a stationary point where 2 =0. There are three 


types of stationary point: maximum, minimum and point of inflexion (Fig.10.6). 
Maximum and minimum points are also called turning points as the tangent ‘turns 
round’ at these points. 


(a) maximum : i 
j _ (©) minimum 7 (ch poke otinfiesion 


Fig. 10.6 


The essential condition for a stationary point is 
ic 





If this equation has solutions, they are the x-coordinates of the stationary points. We then 
test for the type of point. A curve may have one or more or none of these points, 


(a) wo (o) 
dx = WY eg minimum / oY, 9 
ae ox 
dso weo 
ox [maximum > 
=0 
ax 
) &>0 
as 
Fig. 10.7 g- 
5 9 point ot 
© intexion Yo 


Maximum point 


* passes from positive values through 0 to negative values (Fig. 10.7(a)). 


Minimum point 


2 passes from negative values through 0 to positive values (Fig. 10.7(b)). 
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Point of inflexion 
2 has the same sign on each side of the zero value (Fig.10.7(c)). 
Note that maximum and minimum apply only in the neighbourhood of the stationary 


point. The values of the function at this point are not necessarily the greatest and least 
values of the function overall. 


Quadratic Function 


We have already seen that the quadratic function y = ax? + bx + c always has either a 
maximum (when a < 0) or a minimum point (a > 0). 


As 2 = 2ax + b, this equation always has a solution. 











Example 6 “| 


Which type of stationary point does y = 1 ~ 2x ~ 2x° have and what is the value of y 
at that point? 


As a =-2 <0, the curve has a maximum point. 





® 295 we. = 
& =-2-4xand 2 =0 gives x 





So the curve has a maximum at (- 











Example 7 
Find the nature of the stationary points on the curve y = 4x! ~ 3° - 6x +2. 
= 128 - 60-6 = 628 — x 1) = 62 + Ix- 1) 


oy 
de 
= Owhen x =~ 3 or I. 

A simple test to decide on the nature of the stationary point is to examine the sign of 


& on cach side of that point. 


Consider the signs of the factors (2x + 1) and (x ~ 1). 


























x slightly <~$ | slightly > -} 
sign of Qr+Dr-1) | OO=+ 0 | MO=- 
sketch of tangent see = ee 
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The sketch of the curve around x =—} is “~\ ie. there is a maximum point at 


s-l 
xen} 





























x slightly<1 | 1 | slightly >1 
signof 2+ DE-1) | WO=- | 0 | QO=+ 
sketch of tangent ee ns eee 
‘The shetch of the curve around x= I is 7 is, there is a minimum point atx = 1. 
when x=- 4, y = 4-}) - 3(4) - 6-4) + 2 = 33 (@ maximum value), and when 


xs Lya3 (a minimum value). 








Example 8 
Examine the nature of the stationary point(s) on the curve y = x - 2 +5x-1. 


2 = 3x? — 2x + 5, For stationary points, 3x° - 2x + 5 = 0. This equation has no 
solutions, so the curve has no stationary points. 











Example 9 
What type of stationary point(s) does the curve y = x — 3x2 +3x—I have? 
& 23 6r +3 = 302-24 I) =3r- IF 
2 = 0 gives x = 1. There is only one stationary point on the curve. 
x slightly <1 1 slightly > 1 
sign of (x - 1)? + 0 + 
sketch of tangent = 7. oo 




















‘The sketch of the curve is which is a point of inflexion. 











a . i 
The sf Test for Maxima and Minima 
The sign test is adequate “ae functions but a can be used to test for maxima and 
minima. 
Around a maximum point, 2 passes from positive to negative soit is a decreasing 
function (Fig.10.8). Hence the ent of 3° ie. 





is negative at that point. 





de 
Around a minimum point, 2 passes tom negative to positive so it is an increasing 


function (Fig.10.9). Hence the gradient of 5° is positive at that point. 
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gy 
& increasing 








Fig. 10.9 
Maximum point Minimum point 
dy ay dy _ wy 
Gt =Oand 2 <0 & =Oand 53 >0 


ir © = 0, this testis indecisive. For such cases the sign test should be used (see 
Example 11). 






Example 10 


Find the type of stationary points on the curve y = 4x + + and the coordinates of 
these points. 











Og a 
a “47 ¥ 

dy 1 1 
If % =0, then? = } andx=+ 4. 
ey a 
de 7 


When x= +4, £2 >0 so this is a minimum point at (4, 4). 


iS aS <0 so this is a maximum point at (-4, 4). 





1 
ya axel 





{ minimum 
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Example 11 
Find the nature of the stationary points on (a) y = x', (b) y = xt. 


ye Y 20 gi a 
(@) & =3rs0 & =0 gives x=0. 
SY = 6x = 0 when x=0. 










slightly <0 slightly > 0 


sign of 3x2 





sketch of tangent ae 

















‘The sign test shows that this is a point of inflexion (Fig.10.11(a)). 


(a) (b) 


y yer Y yaw 


Fig. 10.11 


y in Y 20 gives x= 
()  =4x° and again = 0 gives x= 0. 


fy cite = 
$B = 120 = 0 when x = 0. 











x | slightly <0 0 slightly > 0 
sign of 4° = 0 + 
sketch of tangent = et — 

















The sign test shows that this is a minimum (Fig.10.11(b)). 





Exercise 10.2 (Answers on page 628.) 


1 For each of the following functions, find (i) the x-coordinates and the nature of the 
stationary points (if any) and (ii) the value of the function at these points. 





(a) 7-6x-2° (b) #-3x 
(©) #-3x-2 (d) #-2 
(©) 2x° + 3x7 - 36x44 (f) 2-41 
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(g) 3x¢- 4x +1 (hy) x4 3 





@ 3x-t @ 8-624 1242 
(k) + 3x-2 WM P+3ee dees 
(m) e+ 8 (n) 3° -Sx-2 

(0) (p) B+ 41 

(q) 8--5x-1 (@) P+3e43x-4 
() x-% © xt 

16 
(u) e+ 16 () 2x- oS 


2 The function y = ax’ ~ 12x + 2 has a tuming point where x = 2. Find (a) the value 
of a, (b) the nature of this turning point. 


3 The function y = 2x° + ax ~ 12x—4 has a minimum point where x = 1. Find (a) the 
value of a, (b) the position of the maximum point. 








4 The function y=.° + ax*-7x— 1 has a stationary value where x = 1. Find (a) the value 
of a and (b) the type and position of the stationary points. 


5 Find (a) the positions and nature of the stationary points on the curve 
y =x? 2x + 1 and (b) the coordinates of the point where the gradient on the curve 
is a minimum. 





6 For what value of 1 is 98 + 151-10 
(a) a maximum, 

(b) a minimum? 

For what value of ¢is $ a minimum? 


7 Given that v = 1 - ¢ + 2 ~ 2, find the value of # for which $2 is a maximum and 
explain why it is a maximum. 


8 The function y = ax’ + bx — 12x + 13 passes through the point (1,0) and has a 
stationary point where x = 1. Find 
(a) the value of a and of b, 
(b) the type and position of the stationary points. 


9 Find the value of x for which y = 4x° —.x* — 2x + 1 has 
(a) a maximum, 
(b) a minimum value. 
Hence find the values of @ for the function T = 4 cos' @ — cos? @ - 2 cos @ + I at its 
maximum and minimum values. 





10 For the function A = nr’ — 67° + 3, find, in terms of z, the values of r at the stationary 
points, and find which type each point is. 


11 Ify = 4x! + 3ax? + 48x — 3, in what interval must a not lie if y has stationary points? 
If a = 10, find the x-coordinates and the nature of the stationary points. 











12 Find the type and position of the stationary point(s) on the curve y = 


MAXIMUM AND MINIMUM PROBLEMS 


‘The methods we have learnt can be used to find the maximum and minimum values of a 
quantity which varies under certain conditions. 


Example 12 


Two numbers x and y are connected by the relation x + y = 6. Find the values of 
x and y which give a stationary point of the function T = 2x° + 3y' and determine 
whether they make T a maximum or minimum. 


We must express T in terms of one of the variables x or y. 
Choosing x, y = 6 - x and T = 2x? + 3(6 - x). 
For a stationary point, we put © = 0. 


‘Then r = 4x - 6(6 — x) = 10x — 36 = 0 and so x = 3.6 and y = 2.4. 
To decide whether this gives a maximum or minimum we find “2. 
¢r = 10 which is positive. 


Hence T will have a minimum value when x = 3.6, y = 2.4. 


Example 13 

A cylindrical can (with lid) of radius r cm is made from 300 cm of thin sheet metal. 

(a) Show that its height, h cm, is given by h = 1s0—mr | 

(b) Find r and h so that the can will contain the maximum possible volume and find 
this volume. 


(a) The surface area A of a cylinder radius r, height h is given by 
A= InP + 2nrh = 300. 


Hence 2nrh = 300 — 2nr and h 


ca 
The volume V = nr*h and V is to be maxit i, We must express V in terms of 
one variable and so we substitute for A from (a). 


Then V= nr? SORE = 1150 — wr’) = 150r — mr. 

To find the maximum value of V, we set $ = 0. 

$F = 150 —3ny = 0 and so 3nr? = 150 giving r= 4[S2 = 40m. 
Checking that this is a maximum, $Y = —6nr which is <0. 


ne 


From (a), when r = 4 em, k= 12> = 8 om. 


Hence to obtain the maximum volume, the radius = 4 cm and the height = 8 cm. 
The maximum volume is then nr°h = 14? x 8 = 402 cm’. 


(Note that the height = the diameter. A can of this shape will give maximum volume 
for a given surface area.) 








Example 14 


The length of a closed rectangular box is 3 times its width (Fig.10.12). If its volume 
is 972 cm’, find the dimensions of the box if the surface area is to be a minimum. 


Fig. 10.12 + 


Take the width as x cm, length 3x cm and let the height be y cm for the moment. 
The volume V = 3x°y = 972 i.e. x¢y = 324 i) 
The surface area A = 6x" + 6xy + 2ry = 6x" + Bxy (i) 
We must now express A in terms of one variable. 


From (i), y= 23 








- 328 gy 4 29% ang = py 2882 
and so A = 6x? + 8x5 = 6x + 32 and Fo = 120-282. 


To minimize A, we set {* = 0. 

Then 12x — 28? =0 giving 12x = 2592 or x' = 216. Hence x = 6. 

To verify that this is a minimum, £4 = 12+ 23% which will be positive. 
From (i), when x = 6, y = 324 +36 =9. 


Hence the dimensions are 18 cm by 6 cm by 9 cm for the minimum surface area. 





ae 








Example 15 


Triangle ABC is isosceles with AB = AC = 20 cm and BC = 24 cm (Fig.10.13). A 

rectangle PORS is drawn inside the triangle with PQ on BC, and S and R on AB and 

AC respectively. 

(a) If PQ = 2x cm, show that the area 
A cnt of the rectangle is given by 


Az S2=2 | 


(b) Hence find the value of x for 
which A is a maximum. 


A 


20 cm, 200m 


Fig. 10.13 
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(a) We need to know the height of the rectangle. 
Let SP = y em (Fig.10.14). 
If M is the midpoint of BC, then BM = 12, BP = 12 ~ x and, by Pythagoras’ 
Theorem, AM = 16. 





Fig. 10.14 Bi2-xP M 
From ASBP, tan ZSBP = 73> and from ABM, tan ZSBP = j§ = 3. 


2 4 = 42-9 
Then qx-z = fsoy= MB 


Hence A = 2ry = S2=0. 
(b) A= M8 = 32,— & ang A = 32-1 
dA 
When SP =0,x=6. 
A __ is 


SA =—P which is negative thus confirming that this gives a maximum. 











Exercise 10.3 (Answers on page 629.) 

1 Given that x + y = 8, find the minimum value of x + y*. 

2 Find the minimum value of x* - xy + y? given that x + y = 10. 

3 x and y are numbers such that x + y = 4. Find the minimum value of x? + xy + 2y*. 


4 Given that u = 3 + 4F - 2, find the maximum value of u for the domain 0 < ¢ < 2, 
showing that it is a maximum. 

5 Ifs=7 + 81+ 5? —P, find the value of ¢ which gives a minimum value of s, showing 
that it is a minimum, 

6 What is the minimum value of x + + ifx>0? 


i 
TIER = ¥ + 50 find the value of V for which R is a minimum. 


8 A rectangular box, with a lid, is made from thin metal. Its length = 2x cm and its 
width = x cm. If the box must have a volume of 72 cm’, 
(a) show that the area A cm? of metal used is given by A = 4x7 + 216, 
(b) find the value of x so that A is a minimum. 
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9 The cost $C of running a boat on a trip is given by C= 4v? + 1% where v is the 


average speed in km hr'. Find the value of v for which the cost is a minimum. 

10 It is estimated that the load L which can safely be placed on a beam of width x, length 
yand height h is given by L= a. Ifh = 30 and x+y = 15, find the greatest load that 
the beam can bear. 

11 A piece of wire of length 20 cm is formed into the shape of a sector of a circle of 
radius r cm and angle @ radians, 

(a) Show that @ = 22=2" and that the area of the sector is r(10 - r) cm?. 
(b) Hence find the values of r and @ to give the maximum area. 

12 A cylinder is placed inside a circular cone of radius 18 cm and height 12 cm so that 
its base is level with the base of the cone, as shown in Fig.10.15. 

(a) If the radius of the cylinder is r cm, show that its height A cm is given by 
h=3 (18-7). 

(b) Hence find the value of r to give the maximum possible volume of the cylinder 
and find this volume in terms of x. 


> 
Ney 1 
Fig. 10.15 GF 


13 A straight line passes through the point (2,3) and its gradient is m. It meets the 

positive x- and y- axes at A and B respectively. 

(a) State the equation of the line in terms of m. 

(b) Show that OA = 2- 2 and find a similar expression for OB. 

(©) Show that the area of AOAB = 6 ~ 3 ~ 2m. 

(4) Hence find the value of m for which this area is a minimum, showing that itis a 
minimum. 

14 From a rectangular piece of thin cardboard 16 cm by 10 cm, the shaded squares each 
of side x cm are removed (Fig.10.16). The remainder is folded up to form a tray. 
(a) Show that the volume V cm? of this tray is given by V = 4(x° - 131° + 40x). 
(b) Hence find a possible value of x which will give the maximum value of V. 


Fig. 10.16 16 em 


15 The cost of making x articles per day is $( 4x? + 50x+ 50) and the selling price of each 
one is $(80 - 4x), Find 
(a) the daily profit in terms of x, 
(b) the value of x to give the maximum profit. 


16 Ship A is at O at noon and is sailing due East at 10 km h~! (Fig.10.17). At that time, 
ship B is 100 km due South of O and is sailing at 20 km hr! due North. 
(a) State the distances in km of A and B from O after ¢ hours. 
(b) Show that the distance $ km between A and B is then given by 
S* = 500f* - 40001 + 10 000. 
(©) Find the value of t for which S? is a minimum and hence find the minimum dis- 
tance between the ships. 





Fig. 10.17 


17 The dimensions of a cylinder of radius r are such that the sum of its length and its 
circumference is 8x cm. 
(a) Show that its length is x(8 - 2r) cm. 
(b) Hence state its volume in terms of r and find the value of r which gives the 
maximum volume. 


18 In Fig.10.18, ABCD is a rectangle which fits inside the semicircle of radius 10 cm 
and centre O. 


(a) If AB = 2x cm, show that the area A cm* of the rectangle is given by 
A? = 4100 - 2). 

(b) Find the value of x which makes A? a maximum. 

(c) Hence find the maximum area of the rectangle. 


Fig. 10.18 
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19 In Fig.10.19, ABCD is a rectangle where AB = 9 mand AD = 6m. CE=4 mand FE 
is parallel to AD. X is a point on FE where XF = x m and M is the midpoint of BC. 
Find 
(a) AX? and XM? in terms of x, 

(b) the value of x for which AX? + XM? is a minimum. 





0. E am 
M 
6m 
Fig 10.19 
. A F 8 
9m 


20 In SABC, ZBAC = 60°, AB = 4 cm and AC = 2 cm. P lies on AB extended where 
BP = x cm, while Q lies on AC extended where CQ = y cm. Given that x + y = 10, 
show that PQ? = 3x¢ — 24x + 112 and find the value of x which will make PQ? 
a minimum. State the ratio of BC:PQ in that case. 

21 The position vectors r, and r, of two points A and B are given by r, = 2s + (1+ 1)j 
and ry = (f+ Di -(¢ + 2). 

(a) Find the values of ¢ for which OA is perpendicular to OB where O is the origin. 
(b) Find the vector AB in terms off 

(c) Find the value of ¢ for which | AB [? is a minimum. 

(d) Hence find the shortest distance between A and B. 





22 A can is in the shape of a closed cylinder with a hemisphere at one end (Fig.10.20). 
Its volume is 45x cm’. Taking r cm as the radius of the cylinder and h cm as its height, 
show that 
(@) Ph+ 2 245, ‘ 

(b) the external surface area A of the can is given by A = 58° 4 Ss 
(©) Hence find the value of r for which A is a minimum and find the minimum value 
of A. 


(Volume of a sphere = “°, surface area of a sphere = 4nr’), 


Fig. 10.20 
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23 ABC is an isosceles triangle with AB = AC = 10 cm and ZBAC = 60°. A particle P 
starts from B and moves along BA at a speed of 2. cm s“, Another particle Q starts 
from A at the same time and moves along AC at a speed of 4 cm s“, 

(a) Write down the distances of P and Q from A at time t seconds after the start. Find 
(b) an expression for PQ? in terms of ¢ and 

(©) the value of ¢ for which PQ is a minimum. 

(d) Hence find the minimum length of PQ. 


24 Fig.10.21 shows a framework in the shape of a rectangular box made from straight 
pieces of wire. The total length of these pieces is 60 cm. 
(a) Show that y = (15 - 5x) em. 
(b) Find an expression for the volume enclosed by the framework in terms of x and 
hence find (c) the value of x which makes this volume a maximum and (d) the 
maximum volume. 


ax ys. 
Fig. 10.21 


25 A piece of wire 48 cm long is divided into two parts. One part is formed into the shape 
of a circle of radius r cm while the other part is formed into a square of side x cm. 
(a) Show that r= 24=2*, 

(b) Find an expression in terms of x for the total area A of the two shapes and hence 
calculate (correct to 3 significant figures) the value of x for which A is a 
minimum. 

26 In AABC, ZA = 60° and AB = x cm, AC = y cm where x + 2y = k (a constant), 
Find an expression for BC? in terms of x and & and hence find the ratio x:y for which 
BC? is a minimum. 


27 ABCD is a square of side 10 cm. P lies on BC where BP = x cm and Q lies on CD 
where CQ = 3 cm. (a) Find an expression in terms of x for the area of AAPQ and 
hence (b) find the value of x which makes this area a minimum, 


28 A rectangular box has a square cross-section and the sum of its length and the 
perimeter of this cross-section is 2 m. If the length of the box is x m, show that its 


volume Vm? is given by V = 22=3, 


Hence find the maximum volume of the box. 
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29 Fig. 10.22 shows part of the parabola y = 8x — 7 with a rectangle ABCD which fits 
between the curve and the x-axis. Taking AB = 2x show that (a) OB = x + 4 and 
(b) the area of ABCD = 32x ~ 2x° units*, Hence find the value of x which makes this 
area a maximum and state the maximum area. 





Fig. 10.22 


VELOCITY AND ACCELERATION 


A common rate of change is the speed of a moving body. This is the rate of change of 
distance travelled with respect to time. The average speed is 
distance travelled 
time taken 

Speed is usually measured in m s“ but also in cm sor km hr. 

If the direction is to be taken into account, then we speak of the velocity of the body. 
‘The magnitude of the vector velocity is the speed. 

Now if the time ——> 0, we shall have the limiting value of the average speed, i.e. 
the speed at a particular instant or the instantaneous speed. So if sis the distance 


travelled in time ¢ and s is a function of r, then $ will give the speed v at a given instant. 


v= # where s is a function of ¢ 


If v itself is changing, then we have the rate of change of speed v with respect to 1, called 
the acceleration (a). 


Now a= = where v is a function of r 





Acceleration is the rate of increase of the velocity with respect to time and hence its stan- 
dard unit is metres per second per second, written m s*. 

A positive acceleration means that the speed is increasing, while a negative accelera- 
tion (or a deceleration or retardation) means that the speed is decreasing. 
If the distance s is measured from a fixed point , its value at any time 1 is also called the 
displacement of the particle from O. This is its actual distance from O at time t which is 
not necessarily the same as the distance travelled up to time 1. This is illustrated in 
Example 16. 
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Example 16 


A particle starts from a point O and moves in a straight line so that its distance sem 
from O after time t seconds is given by s = 2° —£. Find 

its initial velocity and acceleration, 

the time after the start when it comes to a momentary halt, 

its distance from O at this time. 

What maximum velocity does it reach before that time? 

After what time does the particle pass through O again? 


(A ‘particle’ means a body small enough for its dimensions to be ignored.) 


Its =2e—£ then the velocity v= $¢ = 4r— i) 


and the acceleration a = $2 =4~1 Gi) 


(a) When 1= 0 (the start), v = 0 and a = 4. The particle starts from rest (motionless) 
with an acceleration of 4 em s*. 
From (ii), note that the acceleration decreases to 0 in the first 4 seconds and then 
becomes negative. 
From (i), v= 0 when 4r- 5 e. (4 — 5) = 0 which gives ¢ = 0 (the start) or 
1=8, 
Att = 8, a= 4-8 =-4 so the particle stops and instantly reverses direction, 
moving back towards O. Such a position, where v = 0 but a # 0, is called 
instantaneous rest’. 


When 1 = 8, 5 = 2(8" - © = 228 cm. 

The maximum velocity occurs oie = 

From (ii), this occurs when 1 = 4 and v is then 4(4) - > =8 cms". 

5 =0 when 22 - & eAOcp) SOwnik guesseoacer ai 


Hence the particle passes through O again after 12 seconds, now moving in the 
reverse direction. 


The following diagram shows the features of the motion. 


a= +4 decreasing a=0 a negative 
er) 

Start O 
t=0 


t=12 negative velocity 


At time ¢ = 8, the displacement = distance travelled = 7. 


At time ¢ = 12, the displacement = 0 but the distance travelled was 256, The particle 
reversed during that time. 
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Example 17 


The distance s m of a particle moving in a straight line measured from a fixed point 
O on the line is given by s = ® ~ 31 +2 where tis the time in seconds from the start. 


(a) 

(b) it il velocity and in which direction, 

(c) its initial acceleration, 

(d) the times when it passes through O and with what velocity, 
(e) when and where it is at instantaneous rest. 


(a) At the start, ¢ = 0. Then s = 2 m. The particle starts 2 m from O. 


) v= 22-3 


When 1 = 0, v = -3, i.e. in the direction towards O. 


=. 
© a= y=? 


The acceleration is constant i.e. 2 ms. 

(d) s =O when P - 34+ 2=(¢-2)0-1 .. when f= 2 or 1. 
When ¢ = 1, v=—I and when f= 2, v= 1. 

(e) The particle is at instantaneous rest when v = 0, i.e. when t= 14 seconds. 
Then s = (13)? - 3(13) +2 =-0.25 m. 


Putting these facts together, the following diagrammatic representation of the motion 
can be made: 











velocity increasing a = 2 





Exercise 10.4 (Answers on page 629.) 


1 A particle, moving in a straight line, starts from rest and its displacement s m from a 
fixed point of the line is given by s =~ kt where k is a constant and ¢ is the time (in 
seconds) after the start. If it comes to instantaneous rest after 2 seconds, find 
(a) the value of k, 

(b) the initial velocity of the particle. 


2. The distance s m of a particle moving in a straight line measured from a fixed point 
O on the line is given by s =  — 2 where 1 is the time in seconds after the start. 
(a) What is the initial velocity of the particle? 

(b) When is the particle at instantaneous rest? 
(©). When does it pass through O for the second time? 
(d) What is the acceleration of the particle? 








224 






3 Fora particle moving in a straight line, its displacement s m from a point O on the line 
= -5t + 6, where 1 is the time in seconds from the start. Find 

al distance of the particle from O, 

(b) its initial velocity, 

(©) when it is at instantaneous rest, 

(d) at what time(s) after the start it passes through O. 

(e) the distance travelled in the first 3 seconds. 











4 A small body moves along the x-axis so that its distance x from the origin at time rs 
is given by x= 2° — 15¢ + 241 + 20. Find 
(a) the velocity with which it starts, 
(b) when it is at instantaneous rest, 
(c) the minimum distance of the body from the origin. 
(d) Between what times is the particle moving towards the origin? 
(e) What is its acceleration at the times in (d)? 





5 A particle moves in a straight line. Its displacement s m from a fixed point on the line 
is given by s =  - 4r — 5, at a time ¢ after the start, where r 2 0. Find 
(a) where the particle starts and its initial velocity, 
(b) when and where it comes to instantaneous rest, 
(c)_ when it passes through the fixed point, 
(d) its acceleration. 


6 A particle moves along the x-axis and its x-coordinate at time f s after the start is given 
by x= 2° 9 + 12r- 1 forr20. 
(a) Find its x-coordinate and velocity at the start. 
(b) At what times does the particle come to instantaneous rest? 
(c)_ What is its maximum velocity in the direction of the negative x-axis? 
(e) When is its acceleration zero? 


7 The velocity v cm s“ of a particle moving in a straight li 
where & is a constant and 1 s is the time from the start. If its acceleration is 0 when 
t= 1, find 
(a) the value of k, 

(b) the time when the particle comes to instantancous rest, 
(©) the maximum velocity of the particle. 





SMALL INCREMENTS: APPROXIMATE CHANGES 


Given a function y = f(x), suppose x is changed by an increment 8x to become x + 8x, 
Then y changes by an increment Sy. We can find an approximate value for By in a simple 


way using $2, provided 8x is small. 
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In Fig. 10.23, A is the point on y = f(x) where x = k. AB = &x and BC = 8y. AT is the 
tangent at A and the gradient of this tangent = (22) 


y=ty 





Fig. 10.23 


& to be approximately equal to the gradient of 





Now if &r is small, we can take BE 
the tangent at A. 


Then 5 S (2) _, and so 








Example 18 
Ify = 2, find the approximate change in y if x is 
Here k= 3. 

54 
2 =~ 5 and so (2 =-2. 


Men 





increased from 3 to 3.01. 








Then 8y = (2)., x 8x = -2 x 0.01 = -0.02. 


Note that the negative value indicates a decrease in the value of y. 












Example 19 


Given that T = x' -2x° + 1 and x is decreased from 2 to 1.985, find the new value of 
T approximately. 


a = 3x7 4xso (22) 


Jena ™ 
‘Then 37 = (2) a2 * 8 
= 4 x (0.015) (as x was decreased) 
=-0.06 


Hence the new value of T = 2° — 








2(2?) + 1- 0.06 = 0.94. 





Example 20 


The volume V of a sphere is given by V = # where r is the radius. 

(a) State an expression for the approximate change in V if r is changed by a small 
amount &r. 

(b) Hence find the approximate percentage change in V if r is increased by 1%. 


@ & =4nr 
BV = (©) x Br = nr x dr. 
(b) If ris increased by 1% then 5r = 0.017. 


4nrbr 


‘The percentage increase in V = & x 100% x 100% 





i 
2 x 0.01r x 100% = 3% 











Example 21 


Ify = 3 -x+2x and xis increased from 4 by an amount rf where r is small, find 
in terms of r 

(a) the approximate change in y, 

(b) the percentage change in y. 


(a) & 2-144r and (2) _ = 15. 


Then by = 15 7 = ¥- 


(b) The original value of y was 3 — 4 + 32 = 31 and the percentage change in 
% 





5 20 
y= 2 x 100% = 3p x 100% = 








Example 22 
If y= 2x ~ 3x + 1, find the positive value of x for which y = 3. Hence find the 
approximate increase in x which will change y from 3 to 3.015. 


When y = 3, 2x* - 3x + 1 =3 so 2x? - 3x-2=0 or (2x + I(x - 2) = 0 giving x= 2 
(positive value). 





4 4y ; 
@ = 4x3 and (2), =5;8y= 0.015. 
Then substituting in By ~ (22), x Br, 


0.015 = Sdx giving &x = 0.003. 








Exercise 10.5 (Answers on page 629.) 
1 Ify=.?—.x+ 1, find the approximate change in y when x is increased from 4 to 4.025. 


27 





2. Given the function y =2° +7 = 4, xi 
mate change in y? 


increased from 4 to 4.05, What is the approxi- 





3 If z= 2x - 7, find the approximate change in z when x is decreased from 4 to 3.99, 


4 Given that y = (x + 2)°, find the approximate change in y when x is increased from 2 
to 2.005. 


5 Given that 
2t0 2.01. 


6 For the function T= 
in s from 9 to 9.1. 

7 Ps(l- 
change in 


(@ — x — 1)‘ find the change in y following an increase in x from 








5 find the new value of T approximately due to an increase 


When x = 2, it is decreased by 3%. Find the approximate percentage 





8 Find the approximate change in T for the function T = 4 + 3u — 2u? when w is increased 
by 5% from the value of 2. 


9 The radius of a circle is increased by 5%. Calculate the approximate percentage 
increase in 
(a) the circumference, 
(b) the area of the circle. 


10 A piece of wire of length 20 cm is shaped into the form of a sector of a circle of radius 
cm and angle @ radians. 
(a) Show that the area A cm? of the sector is given by A = r(10 —r). 
(b) Ifris increased by 2% when r= 2.5 cm, find the approximate percentage change 

in. 

11 The height of a cone is 20 cm but the radius of its circular base is increased from 
10 cm to 10.01 cm. Find the approximate change in the volume of the cone in terms 
of r. 


12 If y = x° - 3x, find, in terms of k, (a) the approximate increase in y if x is increased 
from 4 to 4 +k, where k is small and (b) the approximate percentage change in y. 


13 Each side of a cube is increased by p% where p is small. What is the approximate 
percentage increase in the volume of the cube in terms of p? 


14 y=.2- 71. If xis increased from 3 to 3.001, find the approximate change in y. 


15 If x is decreased from 5 to 4.98 in the function y = 


27) what is the approximate 
percentage change in y? 





16 Find the positive value of x when y = 4 for the function y = 2 - 5x — 2. 
Hence find the approximate change in x when y changes from 4 to 4.02. 


17 The y-coordinate of a point in the first quadrant on the curve y = 3x2 ~ 8x ~ 1 is 2. Find 
its x-coordinate. What is the approximate change in x if the point is moved to a 
position on the curve where y = 2.04? 


18 For the function y = 31° + ax + b, where a and b are constants, when x changes from 
2 to 2.02, y changes from 2 to 2.12 approximately. Find the values of a and b. 
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19 In an experiment to find the values of T from the formula T= <7, values of x are 
read from a measuring device. A value of « is read as 2.04 but should be 2. What is 
the approximate error in the value of T? 


20 U is calculated from the formula U = 2. Measurements of x are taken but they are 
liable to an error of +1.5%. When x is measured as 3, what are the greatest and least 
values of U? 








21 Given that v= } + 7-4; find the approximate change in v when w is increased from 
210 2.04, 
22. For the function A = <1, a small change in r when r = 2 (r ~ 1)? produces a 2% 


ey 
reduction in the value of A. Find the change in r approximately. 


Connected Rates of Change 
Example 23 


Some oil is spilt onto a level surface and spreads out in the shape of a circle. The 
radius r cm of the circle is increasing at the rate of 05cm s"!. At what rate is the area 
of the circle increasing when the radius is 5 cm? 

‘The rate of change of the radius wrt time () = © = 0.5. 
We wish to find the rate of change of the area A ie. “4, 

We can find a link between these two rates by using the rule for the differential 
coefficient of combined functions i. 4 = 44 x £. 
We know that A= nr? so 44 = 2nr = 2n x. 

Then A = 2nx5 x05 = 15.7 em? s. 

This method can always be used to compare the rates of change of two connected 


quantities x and y with respect to a third quantity. The relation between x and y gives %. 











Example 24 


Water is emptied from a cylindrical tank of radius 20 cm at the rate of 2.5 litres sand 
fresh water is added at the rate of 2 litres s' (Fig. 10.24). At what rate ts the water 
level in the tank changing? 
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¥ litres s-* 


= 


} 5 litres s** 
Fig. 10.24 


Let the depth of water be A cm at time fs. 
The rate of the change of the volume V cm of the water 

= & = +2000 - 2500 = - 500 cm’ s 

(1 litre = 1000 cm’; so 2000 cm? of water flowing in and 2500 cm’ of water flowing 
out, per second). 


The rate of change of the water level = “ which we have to find. 


av _ a y dh o 
Then “GT = a ar 


Since V= nrh and $Y = 400r, 


therefore -500 = 400n x giving 44 = 33% =-0.40 ems! 


The water level is falling at the rate of 0.4 cms. 





Example 25 


A hollow circular cone is held upside down with its axis vertical (Fig. 10.25). Liquid 
is added at the constant rate of 20 cnt! s"! but leaks away through a small hole in the 
vertex at the constant rate of 15 cm! s'. At what rate is the depth of the liquid in the 
cone changing when it is 12 cm? 





y. 10.25 
~ 18cm? s* 


If V cm’ is the volume of the liquid in the cone at time ¢ s, then 
ra = 420-15 =Sem's. 


Let h cm be the height of the liquid at time 1 s. We have to find $2. 


a _ ay dh j 
& = & x & 50 we find a relation between V and A. 
Taking r as the radius of the water surface, from Fig. 10.26 we have: 
> 
tan = 3 =f sor= } andv= }nrn= 4m 








20 
A 
dh _ 25x5 - 
and G = Zoi = 0.28 ems", Fig. 10.28 


The depth of liquid is rising at the rate of 0.28 cms“. 
Note that in this example the rate of change of the depth depends on how much liquid 
is already in the cone as the cross-section is not constant. 





Example 26 


The pressure P units and the volume V m! of a quantity of gas stored at a constant 
temperature in a cylinder are related by Boyle's Law PV = k (a constant). Ata certain 
time, the volume of gas in the cylinder is 30 m’ and its pressure is 20 units. If the gas 
is being compressed at the rate of 6 m’ s', at what rate is the pressure changing? 
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PV = k so k = 20 x 30 = 600 units m’. 
‘The relation between P and V is PV = 600 or P = 90 





v° 
ap _ apy 

Now “Gq = av * en 

We are given that *Y = 6 (decreasing). 


So * =~ 08 x Es = 4 units per second (increasing). 





Example 27 

A street lamp is 8 m high. A man of height 1.6 m walks along the street away from the 
lamp at a steady rate of | m s"'. At what rate is the length of his shadow changing? 
In Fig. 10.27, L is the lamp and OL = 8 m. 

MN = 1.6 m is the man and MS = sm his shadow. 








Fig. 10.27 
Let OM = xm. 
Now 2 = rate at which the man is walking = 1 ms, We require 2, 


dr dr 
ds ds y de 
G@ = & * & 8° WE find the relation between s and x. 





x 


tan ZNSM = <5 which gives s = 3. 
ds 
Then SS = 
Hence $£ = } x 1 = 0.25 ms" which is the rate at which the length of his shadow 
is increasing. 





Exercise 10.6 (Answers on page 630.) 


1 At what rate is the area of a circle decreasing when its radius is 8 cm and decreasing 
at 0.4 cm s"'? 


2 The area of a circle is decreasing at the rate of 2 cm? s“, How fast is the radius 
decreasing when the area is 9 cm?? 
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3 The radius r em of a sphere is 10 cm and itis increasing at the rate of 0.25 cms"). At 
what rate is (a) the volume, (b) the surface area, increasing? 
(For a sphere, volume = “3° and surface area = 4ny°). 


- 


A spherical balloon is being inflated by blowing in 2 x 10° cm’ of air per second. At 
what rate is its radius increasing when its diameter is 20 cm? 


ABC is a triangle with 2B = 90° and AB has a fixed length of 8 cm. 
‘The length of BC is increasing at 0.5 cm s“. At what rate is the area of the triangle 
increasing? 


w 


a 


A closed cylinder is of fixed length 10 cm but its radius is increasing at the rate of 
1.5 cms". Find the rate of increase of its total surface area when the radius is 4 cm. 
(Leave the answer in terms of m). 


a 


A circular cylinder has a diameter of 40 cm and is being filled with water at the rate 
of 1.5 litres s-'. At what rate is the water level rising? 


‘The length of each side of a cubical framework of straight wires is expanding at the 
rate of 0.02 m s“'. At what rate in cm? sis the volume of the framework changing 
when each side is 0.2 m long? 


x 








© 


xcand y are connected by the equation } : If.x is changing at a rate of 0.3 units 
per second, find the rate of change of y when x = 3. 





10 y=(2—r+ 1 and.x=4r. At what rate is y changing with respect to x when r= 0.57 


11 The height of a cone remains constant at 20 cm. The radius of the base is 5 cm and 
is increasing at 0.2 cm s“'. At what rate is the volume of the cone changing? 


L 


5B 


The volume V cm* of liquid in a container is given by V = 2x’ — 4x2 + 5 where x cm 
is the depth of the liquid. At what rate is the volume increasing when x = 4 and is 
increasing at the rate of 1.5 cms? 


a 


Liquid escapes from a circular cylinder of radius 5 cm at a rate of 50. cm’ s“'. How fast 
is the level of the liquid in the cylinder falling? 


14 A hollow cone of radius 15 cm and height 25 cm, is held vertex down with its axis 
vertical. Liquid is poured into the cone at the rate of 500 cm’ s“'. How fast is the level 
of the liquid rising when the radius of its surface is 10 cm? 


a 


In an electrical circuit the resistance R = 1? where / is the current flowing in the 
circuit. If /is increasing at 0.05 units per second, what is the rate of change of R when 
R=5 units? 


16 Two quantities p and q are related by the equation (p ~ 1)(q + 2) = k where kis a 
constant. When p = 5 units, q is 7 units and q is changing at the rate of 0.04 units per 
second. Find the rate at which p is changing. 


17 Water is being poured into a cylinder of radius 10 cm at a rate of 360 cm’ s“ but leaks 
out at a rate of 40 cm’ s-!. At what speed is the water level changing? 


233 


18 In Fig. 10.28, the sides of the rectangle ABCD are 18 cm and 10 cm. The rectangle 
KLMN lies inside ABCD and the shaded area has a width of x cm at each side. 
(a) Express the shaded area in terms of x. 

(b) If the shaded area is -& of the area of ABCD, find the value of x. 
(c) The area of KLMN varies as x decreases at a constant rate of 0.25 cm s”. 


Find the rate at which the shaded area is decreasing when 
ABCD. 


s 7 of the area of 








Fig. 10.28 Fig. 10.29 


19 A hemispherical bow! contains liquid as shown in Fig. 10.29. The volume V cm’ of 
liquid is given by V = } nh*(24 — h) where h is the greatest depth of the liquid in em. 
If liquid is poured into the bowl at the rate of 100 cm? s“', at what rate is the greatest 
depth of the liquid increasing when it is 2. cm? (Leave the answer in terms of n). 
20 Sand falls on to level ground at a rate of 1000 cm* s“! and piles up in the form of a 
circular cone whose vertical angle is 60°. 
(@) Given that tan 30° = 75, show that the radius r of the base is given by r= + 
where h is the height. as 
(b) Show that the volume V of the pile is > 
(©) Hence find the rate at which the height of the pile is increasing when h = 20cm. 


21 In Fig. 10.30, ABC is an isosceles triangle where AC = BC = 13 cm and AB = 10cm. 
PQ moves towards AB at a steady rate of 0.5 cm s“' keeping parallel to AB. If PQ is 
xm from C, show that 
(a) PQ= ¥ cm, 

(b) the shaded area = 3 (144 — 3°) cm’. 

(c) Hence find the rate at which the shaded 
agea is decreasing when PQ is half way 
towards AB from C. 


c 





Fig. 10.30 








22 (a) If eA = k where k is a number, show that # kL. 
(b) ABC is a triangle in which ZCAB = 60° and AB is of fixed length 5 cm. If 
AC = 8 cm, show that BC = 7 cm. 
(c) Taking AC =x cm and L = length of BC, find an expression for L? in terms of x. 
? 
(d) Find “ when x = 8 and is increasing at 1 cm s~!, 


(©) Hence, using (a) find the rate at which the length of BC is changing. 





SUMMARY 
© Asx increases, 


f(x) is increasing for 


SEIS 





fix) is decreasing for &* <0 
© Gradient of tangent to y= f(x) is 


Gradient of normal is 





© Fora stationary point (maximum, minimum or point of inflexion), 2 





‘The stationary point is maximum if <0, minimum if 





day E 
If $F =0, use the sign test. 
© If distance s is a function of time r, then velocity v = $5, 


Jerationa = & = 25 
accelerationa = $¢ = £5 





@ If y= f(x) and x is changed from a value k by a small increment 5x, 








ay ; 
by= (ZF), x or 
© Ify=fa), % = & xs 


REVISION EXERCISE 10 (Answers on page 630.) 
A 
1. Find the range of values of x for which the function y =x’ — 6x7 - 15x + 3 is increasing. 


2. For what value of x does the function y = 4x’ — 6° —9x + 5 have a minimum stationary 
point? 

3 The area of a circle increases from 25x to 25.5n. Calculate the approximate increase 
in the radius. 


4 Variables x and y are related by the equation y = 2=* 
(i) Obtain an expression for * and hence find an expression for the approximate 


increase in y as x increases from 4 to 4 + p, where p is small. 
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(ii) Given that x and y are functions of ¢ and that = 0.4, find the corresponding 
rate of change of x when y= 1. © 
5 The area, A cmv, ofthe image of a rocket on a radar screen is given by the formula 
A = 12, where r km is the distance of the rocket from the screen. The rocket is 
approaching at 0.5 km s, When the rocket is 10 km away, at what rate is the area of 
the image changing? When A is changing at 0.096 cm? s~', how far away is the rocket? 
© 

A piece of wire, 60 cm long, is bent to form the shape shown in Fig. 10.31. This shape 


consists of a semicircular arc, radius r cm, and three sides of a rectangle of height 
xom. 


a 


Fig. 10.31 


Express x in terms of r and hence show that the area enclosed, A cm?, is given by 
A= 60r~ 27 - 8 
Hence determine, to 3 significant figures, the value of r for which A is either a maxi- 


mum or a minimum, Determine whether this value of r makes A a maximum or a 
minimum, © 


a 


If y = 10 —x + 52°, find the approximate percentage change in y when x is increased 
by p% (p small) when x = 4. 
Under a heating process, the length, x cm, of each side of a metal cube increases from 


an initial value of 9.9 cm at a constant rate of 0.005 cm s“!. Express the volume, V cm’, 
and the surface area, A cm?, a the cube in terms of x. 


Write down expressions for “ Mand aA 


Hence find (i) the rate at which Vis increasing when the cube has been heated for 
ji) the approximate increase in A as x increases from 10 to 10.001 cm. (C) 


+ 10800 Find the value of V for which R is least. 





v 

3 

10 A piece of wire, 100 cm in length, is divided into two parts. One part is bent to form 
an equilateral triangle of side x cm and the other is bent to form a square of side y cm, 
Express y in terms of x and hence show that A cm?, the total area enclosed by the two 
shapes, is such that 


A= SE 4 Wear 


9R= 
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Calculate the value of x for which A has a stationary value. 
Determine whether this value of x makes A a maximum or a minimum. (©) 


11 Show that the equation of the normal to the curve y = 2x + § at the point (2,7) is 


y + 2x = 11. Given that this normal meets the curve again at P, find the x-coordinate 
of P. © 


12 The diagram shows a solid body which consists of a right circular cylinder fixed, with 
no overlap, to a rectangular block. The block has a square base of side 2x cm and a 
height of x em. The cylinder has a radius of x cm and a height of y cm. Given that the 
total volume of the solid is 27 cm’, express y in terms of x. 

Hence show that the total surface area, A cm, of the solid is given by 


Az S+8r. 


Cy 
- AL 
sn <Y 
/ fam 
7 
Fig. 10.32 
Find 
(i) the value of x for which A has a stationary value, 
(ii) the value of A and of y corresponding to this value of x. 
Determine whether the stationary value of A is a maximum or a minimum. (C) 
13 Fig.10.31 shows part of the curve y = 4 + 3x —° and the line 2y - 2.= x. OB = band 
BCD is parallel to the y-axis. 
(a) Express the length of CD in terms of b. 


(b) Hence find the value of b for which the length of CD is a maximum. 
y 





Fig. 10.33 


14 A circular cylinder of height 2h cm is fitted inside a sphere of radius 10 cm. Find an 
expression for the radius of the cylinder in terms of h and hence find the maximum 
volume of the cylinder. 


15 A point moves on the x-axis and its position at time f is given by x = «(f° - 6f + 12). 
‘Show that its velocity at the origin is 12 and find its position when it comes to instan- 
taneous rest. If v is its velocity and a its acceleration at time ¢, show that a? = 12v. 





16 A piece of wire, of fixed length L cm, is bent to form the boundary OPQO of a sector 
of a circle (Fig. 10.34). The circle has centre © and radius r cm. The angle of the 
sector is @ radians. 


‘Show that the area A cm®, of the sector is given by A= }rL - 


Fig. 10.34 ° 


(a) Find a relationship between r and L for which A has a stationary value and find 
the corresponding value of @. Determine the nature of this stationary value. 

() Show that, for this value of @, the area of the triangle OPQ is approximately 
45.5% of the area of the sector OPQ. © 


17 A line of gradient m (m <0) passes through the point (3,2) and meets the axes at P and 
Q. Find the coordinates of P and Q in terms of m and show that the area of APOQ 


is6-2- on, Hence find the minimum area of APOQ. 


18 A particle is travelling in a straight line and its distance scm from a fixed point on the 
line after 1 seconds is given by s = 121 - 15? + 4P. Find. 
(a) the velocity and acceleration after 3 seconds, 
(b) the distance between the two points where it is at instantaneous rest. 


19 A rectangular box without a lid is made from thin cardboard. The sides of the base are 
2xcm and 3x cm and the height of the box is A cm. If the total surface area is 200 cm’, 
show that 

soB-¥ 
and hence find the dimensions of the box to give the maximum volume. 


20 Show that the height of a circular cone of volume V and radius ris given by 24. If 
V remains constant but r is increased by 2%, find the approximate percentage 
change in h. 


21 A particle P travels in a straight line so that its distance, s metres, from a fixed point 
Ois given by s = 11 + 6—F where tis the time in seconds measured from the start 
of the motion, Calculate 
(the velocity of P after 3 seconds, 

ii) the velocity of P when its acceleration is instantaneously zero, 
(iii) the average velocity of P over the first two seconds. 


22 In Fig. 10.35, ABCD is a rectangle with AB = 6 cm and AD = 8 cm. DE = x cm. 
EC meets AB produced at F. Find the value of x which gives the minimum area of 
SAFE and show that it is a minimum. 


Fig. 10.35 
A Gem B F 


23 Given the function y = ax’ + bx? + cx + d, find the values of a, b, c and d if the curve 
(i) passes through the point (0, 
(ii) has a stationary point at (-1,1), 








Gi) the value of £2 = 2 when x= 1. 
24 Find the nature of the stationary points on the curve y = 3x! + 4x? + 2. 


25 A cylinder of radius r cm is placed upright inside a cone so that the top of the cylin 
der is 4 cm above the top of the cone as in Fig. 10.36. The cone has a radius of 6 cm 
and a height of 18 cm. The part of the cylinder inside the cone is h cm deep. 

(a) Show that h + 3r = 18. 
(b) Find an expression in terms of r for the volume of the cylinder. 
(c) Hence find the value of h for which the volume of the cylinder is a maximum. 


Fig. 10.36 





26 (a) If } + } =2, show that w= =" and that this equals $(1+ <4). 


(b) If v is increased by 2% when it is 2, find the percentage change in u. 


‘A water trough 100 cm long has a cross section in the shape of a vertical trapezium 
ABCD as shown in Fig. 10.37. AB = 30 cm and AD and BC are each inclined at 60° 
to the horizontal. The trough is placed on level ground and is being filled at the rate 
of 10 litres s+, 





8 


2 


Fig. 10.97 





(a) Given that tan 60° = V3, show that the volume V cm! of water in the trough when 
itis x cm deep is given by V = 100x(30 + 7). 
(b) Hence calculate the rate at which the water level is rising when x = 15 cm. 

28 A point A moves along the positive x-axis away from the origin O at a speed of 
4 cm s" where OA > 5 cm. B is a fixed point on the positive y-axis where 
OB = 20 cm. P isa fixed point on the positive x-axis where OP = 5 cm and Q lies on 
the line joining B and A with PQ parallel to the y-axis. 

(a) Show that when OA =.x em, PQ = 20(1 ~ ) em. 

(b) Hence find the speed of Q along PQ as A moves when (i) x= 12 em, 
(ii) x= 20 cm. 

(c) Obtain an expression in terms of x for the acceleration of Q along PQ. 





29 In AOAB, ZAOB = 60°, OA = 10 cm and OB = 4 cm. P lies on OA where 
OP = x cm and Q lies on OB. Given that the area of OPQ is twice that of AOAB, 
find in terms of x, (a) OQ, (b) PQ’. Hence find the value of x which will make PQ? 
a minimum and the corresponding length of OQ. 


30 Find the point of intersection P of the curves y? = 4x and 4y = x° and sketch the parts, 
of these curves which lie between the origin O and P. A lies on y? = 4x with x- 
coordinate 2. B is a variable point (x,y) on the curve 4y = «°, lying between O and P. 
Find an expression for the area of AOAB and hence find the maximum area of this 
triangle. 


Calculus (3) : 
Integration 


ANTI-DIFFERENTIATION 


If we differentiate y = 3x° - 4x + 3, we obtain & =6x-4. 


Supposing we were given 2 = 6x ~ 4, can we do a reverse operation, i.e. anti- 
differentiate, to find y? 





This is easily done for a single term as follows. 


1 
Start with y = 2°". (You will see why we choose this in a moment). 





dy Lame De _ 
Then $f = H#0E Soy 

: pe Oy = at 
So if we are given $* =ar',then y= 2, 


To obtain this result, the index (n) has been increased by 1 to. + 1, and we then divide 
by the new index. Here is the rule for single terms: 





provided n #-1 


This process of anti-differentiation is actually called integration. We integrate ax" 
wrt.x, ax" is the integrand and the result is called the integral. A notation for this will be 
given later, 





Example 1 


Integrate wrt x (a) x’ (b)28 (ch 4x (d)7 (e} 





r 


We show here the steps taken to obtain the integral. With practice these would not be 
written down, only the result. 


(a) Increase the index by 1 to 4: then divide by 4. 
Result. 
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(b) New index is 3: then divide by 3. The factor 2 is left as it is. 
Result 2, 

(©) 4x = 4x!, New index is 2, divide by 2. 
Result 4° = 2°, 
Always simplify when possible. 

(@) 7 = 7°, New index is 1, divide by 1. 
Result 2 = 7x, 

(©) 3 = 3x, New index is -2 + 1 = 
Result 








1. Divide by -1. 





Now check each result by differentiation and verify that the original expression is 
recovered. 





Before we go further there is one important point to note. This is discussed in the 
next section. 


THE ARBITRARY CONSTANT: 
INDEFINITE INTEGRAL 
If y= 22 —3x+¢ where cis any constant, then $= 2x—3. 
Now if we start with 2 =2x-3, then y=? - 3x, 
But this is not the original expression. The constant c is missing and so it must be added 
to the result. The correct result is 1° - 3x +c. c is called the arbitrary constant as its 
value is not known, unless we are given further information. It must always be added 
to an integral. Such an integral is called an indefinite integral. 

It is easy to get confused between differentiation and integration. It may help to 
remember: 

Differentiation : multiply by the index and then Decrease the index. 

Integration : Increase the index and then divide by the new index. 

As in differentiation, the integral of a sum of terms is the sum of the separate integrals. 
So we can integrate for example x — 3x° + I or (x + 2), provided it is expanded first, but 

1 

not ——- 





xed 
Example 2 
Integrate wrt x (a) 2x! -3x +1 (b)(2x-3P (ce) xt 3xel 
(a) Integrate each term: 2° - 3 4 Neca X- Marse 
(b) Expand first: 4x7 - 12 +9 
Now integrate: #° — 2° 4or+¢=4P -6r 49x40 
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(©) Divide by 2x° first: 





Notation 


‘The symbol for integration is J. For example we write J 3x dx. This means that the 
integrand 3x is to be integrated wrt x. 
So Jaxde= +c and futdu=% +e. 


it % =f), teny= Jr artc. 





Example 3 

Find 

(a) [x dx, (b) fax, (c) [20 dt, (a) f(s? = 25+ 3) ds, (e) f(p- 2p) dp 
@ Jods +e 

(b) fdrmeans fidr= fx2dr=x+e 

(©) Here the variable is : f 2° dr= 2 + e= Sc. 


(@) If the integrand is a polynomial, it must be placed in brackets between the J sign 
and ds. 
Jee-2s+3ds= 2 - 2 ¢3s¢c= 8-8 43st 
(©) Expand first. 
> 3 4 
Je2+3p-p) dp =-2p + BF - Be 


Note that an integral such as J 4x dy is not possible unless x can first be expressed in 
terms of y. 











Exercise 11.1 (Answers on page 630.) 
1 Find the indefinite integrals wrt x of: 


(a) 4x (b) ae © 7 

(d) 38 () 3-x (ax 

(g) 2x (h) #3 @ 1-x-# 
@ ¥-4 (k) 1-3x-48 @ 8-38 
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(m2 (n) (+27 (0) @-1F 





@i- @ @-» @e-k 
(s) (+ 2)x-3) Waxed w 4} 


(vy) (+ 2)(e- 1) 


2 (a) fe-4yde ® fee 
© J& Ge. fran @ fe-ar 
(@) [Gr-2 a © Xa 
® feo ) fh+ 2 du 
3 Find 
@ fog aw (b) f Gr~2y ar 
© J Gp-2%p-3) ap @ fa-a 
© [CPSF=b a ©) fo-dras 
(@) J 1-452 +35) ds to) fegbrae 
@ fwe-par @ Ja-2yFay 
de) far-4r+ bar © fex+2yar 
(my f C*E=2) ar (@) | pe2p+3\3p -2) ap 


The Integral | } dx 


If we use the rule for this integral, J x dx, the result is 
J £ avis an exception to the rule. 
In Part Il of this book, we shall see that a special function is created for this integral. 


which is not possible. Hence 





APPLICATIONS OF INTEGRATION 





Example 4 
Find y given that B = 2x3 and that y = -4 when x = 1. 
ne = 2x-3, then y= f (2x-3)de=- 3x40. 


This is the indefinite integral and is illustrated in Fig.11.1. For all values of c, the 
family of curves y = x* — 3x + are parallel, one vertically above the other. The 
equations could be y = x - 3x or y=x? - 3x + Sete. 
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y ¥ue-3x45 





y= 8-343 


y= ¥-3x 


Fig. 11.4 


For any given value of x (say 3), the gradient on each curve atx = 3 is 3 as 

7 = 2x —3 and the tangents at these points are parallel. 

Further information is therefore needed to identify a particular member of the family. 
In this example, we have this information to find c. 

When x= 1,y=1-34+c=-4 soc=-2. 

Hence y =. — 3x—2. 














Example 5 

The gradient of the tangent at a point on a curve is given by x2 +x — 2. Find the 
equation of the curve if it passes through (2,1). 

Gradient = 2 2x8 +x-2. 


theny= fut+x-2)dr= 24 S-2xr40 


When x=2,y= $+ 3 -4+e=1. 
Hence c= 4. 


‘The equation of the curve is y= % + © —2x+ 4 or 6y = 2x° + 3x? 12 +2. 
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Example 6 


A curve has a turning point at the point (1,1). If the gradient is given by 
6x2 + ax — 12, find the value of a and the equation of the curve. 


® 26% +ar-12 

When x=-1, 2 =0. 

‘Then 6 - a - 12 = 0 giving a = -6. 

So % = 6x 6r- 12. 

Hence y = J (6x* - 6x ~ 12) dr = 2x — 3x2 - 12x +c. 
When x=-1,y=-2-3412+c=1,s0c=-6 
‘The equation is y = 2x° - 3x? - 12-6. 








Example 7 


Fora curve y = fix), 42 =6x-2. Given that y = 11 and © = 10 when x = 2, find 
the equation of the curve. 

. 2 
© js obtained by differentiating $ wet x. Then & is found by integrating $ 
ort x. 


Ce 
& = J Bac J@-yar=3-2+¢ 
But & = 10 whenx=2. 

Then 12- 4+ c= 10 giving c= 2. 

Y an= 

® s3v-2r+2 

Now we integrate again to find y. 
y=[Qr-242) drew + 2etc, 
When x=2,y=8-4+44¢,=11s0¢,= 





Hence the equation is y =x — x? + 2x + 3. 











Example 8 


A particle moves in a straight line so that its velocity v ms at time t s from the start 
is given by v = f ~2t~3 (20). 

If it started 3 m from a fixed point O of the line, find 

(a) the value of t when it is at instantaneous rest, 

(6) its distance from O at that time, 

(c) for what values of t its acceleration is positive. 
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(a) Itis instantaneously at rest when v = 0. 
v= (¢=3)¢+ 1) s01=3 (1 not being allowed). 
() v= =e-2-3 
Then s = f(@- 21-3) dr= § -P-3r+c. 
But s = 3 when ¢=0,s0.¢=3. 
Hence s= § - = 3743. 
When = 3,5=9-9-9+3=-6m. 


(©) a= 4 = 21-2, Hence a >0 when £> 1. 











Example 9 


For a particle moving in a straight line, its acceleration a m s? is given by a 
where t is the time in s from the start. 

Given that its velocity v at the start was 3 m s"!, find (a) an expression for v in terms 
oft, (b) the time t when the particle is at instantaneous rest. (c) If the particle started 
from a fixed point O on the line, how far is it from O after 2 s? 








@) a=% = 
Then v =f @- See 
When = 0, =3. 
Soc=3andv=§ - #43 
= EaHe6 2 eomen2 





(b) v=0 when ¢ =3 ort =2. 
© ve # =f-L43s0s=fG- F430 


=?_# 


=f-Laarec, 














Exercise 11.2 (Answers on page 631.) 
1 Accurve is given by 2 = 2x ~ 1. If it passes through the point (2,6), find its equation, 


2 Ifacurve is given by 2 = x(x 1), find (a) its equation if it passes through the point 
(1,0) and (b) the nature and coordinates of its turning points. 
3 Given that 2 = 1 — 5x and that y = -5 when x = 2, find the value of y when x = 1. 
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4 The rate of change of a quantity P is given by Sf =1+ 2. If P= 5 when s=2, find 
the value of P when 1 = 3. 


5 The velocity v m s* of a particle P moving in a straight line at time ¢ s is given by 
v = 2r —3¢. Find an expression for its distance s m from a fixed point O on the line 
if OP = 4 m when f= I and its acceleration at that time. 


6 Given that © in terms of x. 





3 when x =-l, find j 









oy 
2x+ Land that 


7 Given that 3, find y in terms of x if 2 = 4 and y = 6 when x = 2, 


de 
8 A curve has gradient x? — 4x + 3 at the point (x,y) on the curve and it passes through 
the point (3,—1). Find (a) its equation and (b) the types and coordinates of its turning 
points. 
9 For the function y = fix), & =x? + ke where k is a constant. If y has a tuming point 
at the point (3,-2), find the value of k and the value of y when x = 4. 





10 if & = 1— 4, find the value of y when ¢=4 if y= 4 when r 


i ne = 6x" + 4x — 5 and y = 10 when x = 2, find the value of y when x = 3. 


12 The rate of change of a quantity L with respect to ris given by 4£ = 31-2.1fL=3 
when ¢ = 2, find the value of L when 1 = 4. 


13 A curve passes through the point (1,0) and its gradient at any point (x,y) on the curve 
is 3x? - 2x ~ 1. Find (a) the eq of the curve, and (b) the coordinates of the points 
where y has a maximum and minimum value, identifying each one. (c) For what range 
of values of x is the gradient on the curve decreasing? 





14 A small body moves in a straight line so that its velocity v ms“! at time 1s is given 
by v = - 6f + 9 + 2. Find (a) the times when its acceleration is zero, and (b) its 
distance from a fixed point on the line when ¢ = 2 given that it started from this point. 
(c) For how long was its acceleration negative? 





15 The velocity vm s* of a particle moving in a straight line is given by v =e - 41 where 
1 is the time in seconds after starting from a fixed point O on the line, Find 
(a) the time when the particle is instantaneously at rest, 
(b) its velocity and acceleration at the start, 
(©) its distance from O when 1 = 3. 


16 The velocity v m s* of a particle moving in a straight line at time 1 seconds is given 
byvel+ 3 fori srs3. 
When t= 3, the particle is 6 m from a fixed point on the line. 
(a) Find an expression in terms of # for its distance from this fixed point. 
(b) How far does it travel between 1 = I and t= 3? 

17 Given that £¥ = 3 — ke where kis a constant and that $¢ =—6 when 1=—1 and 9 when 
t= 2, find the value of k. Ify = 








$ when 1 = 1, find y in terms of t. 
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18 A particle passes a fixed point O on a straight line with a velocity of 10 ms“ and 
moves on the line with an acceleration of (4 — ¢) m s~? at time 1's after passing through 
©. Find 
(a) its velocity when # = 4, 
(b) the distance of the particle from O ve 152. 





19 A quantity u varies with respect to ¢ so that # = a+ bt where a and b are constants. 


Given that it has a maximum value of 54 when = 1 and that its rate of change when 
t= 2 is -3, find u in terms of . 


Area Under a Curve 


‘An important application of integration is in finding the area under a given curve y = f(x). 
Up to now, such areas could only be found approximately, for example, by counting 
squares or by the trapezium rule. Using calculus, we can now find the exact value of areas 
bounded, by curves. 

Fig. 11.2 shows part of a curve y = f(x). The shaded area A lies between the curve and 
the x-axis, bounded by the ordinates at a and b. This area is called the area under the curve 
between a and b. 


Fig.11.2 





‘We now show a method of finding A. For the moment we can only deal with areas 
which lie above the x-axis. 


Fig.41.3 





Let P be a point on the x-axis where OP = x (Fig.11.3). PQ = y, OA =a and AB is 
perpendicular to the x-axis. The shaded area under the curve from a to x is A. 
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Now take an increment &x in x to reach R and draw the ordinate RS. RS = y + 8y and 
the increment in A = 8A = the area PRSQ. 





a 
d 





Fig.11.4 Pa A x 


QT and US are drawn parallel to the x-axis (Fig.11.4). 
Area of rectangle PRTQ < 8A < area of rectangle PRSU. 

ic, y8r< 8A < (y+ 8y) Sxsoy <M cy dy. 

Now if 8 -> 0, by —> O and y + By = y. 

The left hand term of the inequality remains fixed at y but the right hand term — y. Hence 
& = y and in the limit a =y 


We then have Azfyarec= Jiggy dive 


‘We can find ¢ from the fact that A = 0 when x = a. 





Example 10 
Find the area under the curve y = x2 +2 between x = 1 and x = 3 (Fig.115). 


y 





Fig. 11.5 


A= Jydv= Joe +2)ar= 


Now when x = 1,4 =0. 





Hence 0= } +2+c giving c 


‘Then A‘ = © +2x—24 where A‘ means the area between the ordinates 1 and 


x(e> 1). 
‘We want the area from 1 to 3. So put x = 3. 


A}=9+6-24 = 125 units, 


If we had required the area from 1 to 2, ic. Aj, then we put x = 2 etc, 








Example 11 
Find the area under the curve y = 2 +x- x. 


The curve meets the x-axis where y = 0, 
c. where (2 - x1 +x) =0 
giving x =-1 or x = 2 (Fig.11.6). 





Fig.11.6 





SoA=JQ4x-x)dr=24 2-2 40. 
But A = 0 when x= 
1 





Hence 0=-2+ 4 + $ +c givingc= 





Then A= 20+ 2-2 eit 


Now put x = 2 to obtain the required area. 





Ah=442—-$ 415 =43 unit 











DEFINITE INTEGRALS 


‘We can shorten the above process by using the concept of a definite integral. 
Suppose A’ is the area under y = f(x) from a to x (Fig.11.7). 
‘Then A = J f(x) dx = g(x) + ¢ where g(x) is the indefinite integral of f(x). 


Fig. 11.7 


Now when a =a. 
Hence A) = 





Now we put.x= 


and At = g(b) — g(a) 
(value of the integral at b) — (value of the integral at a) 


‘We write this as £ f(x) dx and it is called the definite integral of f(x) wrt x between 
the limits a (the lower limit) and (the upper limit). The arbitrary constant c disappears 
in the subtraction. 

Hence if y = f(x), the area under the curve between the ordinates a and b, where 
a<b,is 








Ff fx) de = gb) - g(a) 
where g(x) is the indefinite integral of f(x). 
At present this is only true if f(x) 2 0. We investigate what happens if f(x) < 0 later. 





Example 12 
Find the area under the curve y = x! + 2 from x = -I tox = 2 (Fig.11.8). 








Fig.11.8 
2 
A=J yar 
' 
2 
=f? (e+ 2x gw=% +2rtc 
' 
=[$+2r]° upper limit (2) is placed in square brackets with the limits at 
a |. lower limit the right. The arbitrary constant is not included. 


=(Z42x2) - (Gh+2xc 
substitute upper limit substitute lower limit 


to obtain g(b), the to obtain g(a), the 
value when b = 2 value when a = -1 
= 8 - G-2 


- ©) 























Example 13 


(a) Find the coordinates of (i) the point A where the curves y = (x + 1? and 
y = (x — 3) intersect and (ii) the points where the curves meet the x-axis. 
(b) Hence find the area of the region enclosed by the curves and the x-axis. 


(a) (i) The curves meet where (x + 1)? = (x - 3)* i.e, where x = 1. 


Hence the coordinates of A are (1,4). 





(ii) y = (e+ 1 meets y = 0 where x = -1, i. the point (-1,0). 
y = (x— 3)? meets y = 0 where x = 3, ie. the point (3,0). 
(b) The curves are shown in Fig.11.9. The area required is divided into two parts 
because the boundary changes at A (x = 1). 








Fig.11.9 





\ 3 
Total area =f x+ IF dx + f(x 37 adr 
= [ieee 2+ Dares fa—6r+ 9 ar 


=[$+e+ 
=(p+1+)- 





‘+ [$-3r+or) 
$+1-1)+@-27427- -3+9) 


substitute substitute substitute substitute 
upper limit 1 lower limit 1 upper limit 3. lower limit 1 





=det ave: 
Satz t9-G 


= 18 units 











In the next two examples, only the value of the definite integral is to be found. 





Example 14 
Find f(x 4) de. 
fa-bar= [F417 








ls 
c: ay Ld 
=(+5) - (+4) 
substitute the upper substitute the lower 
Timit (-2) limit (4) 
= 2-4)-@-) 
= 6} 
Example 15 
Evaluate f"(1 -1-#) dt. 


e ° 


fa-t-aae [1 $-§ : 


=l0)-[-2- SP - Gy 
=0=(C13)=15 














Example 16 


The volume V of the liquid in a container leaks out at the rate of 30t cm! s-' where t 
is the time in seconds. Find the amount of liquid lost in the third second. 


av i 
& = -304 (decreasing). 


‘The third second is between ¢ = 2 and 1 = 3. 
So we find the (value of V when 1 = 3) ~ (value of V when ¢ = 2) using a definite 
integral. 


Change of volume = f° SY ar= f° (309 ar = 





158], = -135 - (-60) 

|) = -135 - (60) 
2-15 

Hence 75 cm? of liquid was lost in that time. 











Example 17 


The velocity v of a particle moving in a straight line is given by v = ¢ — 31 where t is 
the time after the start. What is the displacement of the particle between the times 





‘The displacement is the distance between the positions of the particle at times ¢= 2 and 
t= 4, so it is the value of the definite integral 


ff @-3nar= [§ - ¥] 


64 48 B 12). 2 
(ZG ~T)-G- 73 
Note: As we have seen in Chapter 10, this is not necessarily equal to the actual distance 
travelled by the particle. It may have gone, for example, 8 units to the left followed by 
83 units to the right. 











Example 18 
(a) Show from a diagram that 
[io a= Lnsac+ [fx) de wherea <b <c. 

(6) Given that f ffx) dx = 10, find (if possible) the values of 

@ f'Rx) de, 

(i) [te +1 dk, 

(iti) fix) -2) ae [foes 

wm f “11-4 ftx)) de, 

9) f * Ufx)P de 
(a) 


y= te) 


a : 


Fig. 41.10 a ’ e 


From Fig.11.10, f f(x) dr = area A+ area B 
= [tear [to ae 
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op s 
©) @ J) 2M) de=2 ff) dx = 2% 10=20 


5 5 s 
Gi Pty + ae= fray aes Prax 
= 10+ [xi 
= 10 + (5) - (2) = 13 
. . 3 
(ii) This equals i f(x) de = Jizax + J, fia) de 
= ft ax- 
=10-2=8 
7 Pe Ssine ys 
tiv) fit $ret de= fdr 3 f ten dx 
=3-5=.2 


(v) Not possible, as f(x) is not known. 





Exercise 11.3 (Answers on page 631.) 





1@ fie () fi xox 
© fi #ar (@ f. @x-1ar 
© fia-ve © fear 
@ fsa th) f @-2)ae 
@ J) @-2p-3) ® frac 
«k) ff -3) au ® f ss 3dr 
(om J ne yar @ fb-ber 
©) Ji 3e ax ©) pew 
@ f.G-na © Pf. G-29 ax 
(s) f (e+ Ie +2) de w f - kya 


w) f @-8 4x) de 


2 1f f° (4) de= 10, find the value of a. 
3 Given that J (2r~ 1) dx = 12, find the values of 1 


$ 
4 Given that (x +p) d= 3, find the value of p. 
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5 
5 iff (@ +p) dr=3, find the value of 





6 Find the value of wif J kde = } 


7 Find the areas under the following curves between the coordinates given: 
() y=xG - 0) 
ea 





8 Find the area bounded by the curve y = 2x ~ 2x? and the positive x- and y-axes. 


9 Find the area under the curve y = x7 + 3 between the ordinates (i) x = 0 and x = 2, 
(ii) x = -2 and x = 2. Using a sketch of the curve explain the relation between the two 
areas. 





10 The area under the curve y = .x° + ax~ 5 between the lines x = | and x= 3 is 14g. Find 
the value of a. 


11 If the area under the curve y = * between x = 2 and x = k, where kis a constant, is 
8 times the area under the curve between x = 1 and x = 2, find the value of k, 





12 Given that ah = 2° —1 +5, find the change in the value of A between ¢ = 1 and 
123. 


aT 
3 = 
14 The rate of change of a quantity P is given by $- = 1? +1 fors> 2. Find the change 


in the value of P when ¢ increases from 3 to 5. 


1S If 
when 





1+ |, find the change in T as ¢ changes from 1 to 2. 


= 2c 1, find the increase in y asx increases from 210 4 given that 2 = 6 








16 The curve y= ax* + bx +c passes through the points (0,2) and (1,~3) and its gradient 
where x =2 is 5. Find (a) the value of a, of b and of c and (b) the area under the curve 
between the lines x = 2 and x = 3. 


17 (a If fet de= 5 f'cr# Pde, find the value of a. 
(®) Given that f f(x) de = 7, evaluate (i) Jism dr, (ii) fe-teo dx, 
ii) Pe) - 21 d+ ft ae 


18 A particle starts from a fixed point O and moves in a straight line. Its distance s from 
O at time # seconds from the start is given by s = cu ~ 2f + 31, Find an express 
the velocity v of the particle in terms of t. At what times from the start is the particle 
at instantaneous rest? What is its displacement between those times? 
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19 Fig.11.11 shows part of the line y + 2x= 5 and the curve y = x(4— x), which meet 
atA. 
(a) Find the coordinates of A. 
(b) Hence find the area of the shaded region. 


y 


x 


Fig.41.11 a 





20 The curve y = 4 —x° meets the positive x-axis at B and the curve y = x(4 —.x) meets 
the positive x-axis at C. The curves intersect at A. Find 
(a) the coordinates of A, B and C, 
(b) the area of the region ABC bounded by the curves and the x-axis. 


21 (a) If y=.8—4x + 4, find (i) where the curve meets the y-axis and 
(ii) the x-coordinate m of the minimum point on the curve. 
(b) Sketch on the same diagram the graph of y = 4 — x? for -2 <x < 0 and the graph 
of y=x2— 4x +4 for 0SxSm. 
Hence find the total area under the two curves. 


© 


Further Notes on Areas 
I Area between a curve and the y-axis 
‘The area between y = f(x) and the x-axis fora SxS bis ['y dx. 


Similarly, the area between y = f(x) and the y-axis is {“x dy where c and d are the limits 
on the y-axis and the equation of the curve is expressed in the form x = g(y) (Fig. 1.12). 


y 


Fig. 11.92 
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Example 19 
Fig.11.13 shows part of the curve (y ~ 1 = x—1. Find the area of the shaded region. 


y 


Fig. 11.19 





The area = J x dy as O and 1 are the limits for y 





The equation of the curve is rewritten as x = (y - 1)? + 1 =y*- 


1 1 
So the area is J)? - 2y +2) dy = [$-» +2v], 
= G-1423-O=15 units? 








Il Area under the x-axis 
The curve y = x2 - 3x + 2 = (x — 2x — 1) meets the x-aris where x = I and x = 


(Fig. 11.14). 





y 


Fig. 11.14 





For all points in the domain 1 <.x < 2, y will be negative. So J y dx will also be negative 
for this domain. 
p P -f£ 2 id 
ff vars fice-ar+2dr= [§ - 3 +20], 
= (f-6+4)-(4 - 342) 
2 3 


= 37-6 
= —{ which is negative as expected. 


The numerical value of J y dx is -J y de = £ and this is the area below the x-axis. 


259 


If part of a curve lies below the x-axis, the area 
between that part and the x-axis is - J y dx (Fig.11.15). 





Fig. 11.15 


Ifa curve lies partly above and partly below the x-axis (Fig. 11.16), the total area will be 
Shy av Jf y de. 


Fig. 11.16 





The two parts are evaluated separately. Hence a sketch of the curve must be made to 
check if any part is below the x-axis. 

Similarly the area of a region on the left of the y-axis will be negative. Its numerical 
value is — J x dy. 





Example 20 
Find the area between the curve y = x(x ~ 2) and the x-axis from x = -1 tox = 2, 


‘The curve meets the x-axis at x = 0 and x = 2 (Fig.11.17). 






¥=x~2) 


Fig. 91.17 
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Area A= f" (2 -2x) de 





Area B =~ f° (e°-20) dr=- [= 





Hence the total area = 15 + 14 





Note that f° (229 de = [$ 
=(§-4)- 


which is the correct value for the integral but not for the area. 


-)s0 


III Area between two curves 


Example 21 

Find the area enclosed by the curve y = 5 +x—2 and the line y = x +4. 

First we find where these intersect: y 
Stx-vared yaSexce 

ie. 2? = 1 giving.x= 1 or-1. yaxed 


Then we require the area of the shaded 
region in Fig.11.18 with limits x = -1 
and x= 1. 


Now the area under the curve 
' 
=f G+x-2) de 
and the area under the line 
, 
=f wade 
1 1 1 
Hence the shaded area =f (5 +x) de~ J’ (x + 4) de. 


Since these two definite integrals have the same limits they can be combined into one 
definite integral: 





Fig.11.18 





Ji G+x-e)- cet aides f+ e814) de 
= J a-xyar 
7! 
=[- 3], 
= (1-)-Cl+ p= 3 














In Fig.11.19, y = f(x) and y = g(x) are two curves such that f(x) > g(x) fora S.x $b. 
¥ 


Fig. 11.19 





Then a) dx = area ABDE and f g(x) dr = area ABCF. 
Hence the area between the curves i.e. the shaded area 
= ABDE ~ ABCF 


= f tte - geo ae 


‘Area between y = f(x) and y= g(x) fora $x<b 
= ft - eco ax 
where fl) > 2(8) 


This rule is still true if parts of either curve are below the x-axis (provided f(x) > g(x)) as 
the next example shows. 





Example 22 


Find the area enclosed by the curves y, = x" and y, = x° ~ 2x and the lines x = | and 
x= 3 (Fig.11.20). 


Fig. 11.20 
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We require the shaded area. 
The curve y, meets the x-axis at x= 0 and x = 2. 
Consider the regions A, B and C. 


2 
asf, y, dx. 
B= ~ J" y, dr (as yi below the x-axis in this interval). 
2 2 
So Jy, dr- Jy, de=A+B. 
Hence the rule is true for areas crossing the x-axis. 
3 3 
C= J’ y, ax J) y, de (as both y, and y, are above the x-axis). 
Hence the total shaded area A +B + C 
2 . 
=f O-war+ f0,-»D ae 
3 
=f O,-y) de 
= ftw +20 dr 
2 s 
=[e]} =9-1=8 units? 











Example 23 


The tangents at x = 0 and x = 3 on the curve y = 2x- x 1 meet at T. 
(a) Find the equations of these tangents and the coordinates of T. 
(b) Calculate the area of the region bounded by the curve and the tangents. 


‘The curve and the tangents are shown in Fig.11.21. 


Fig.11.21 





Ify = 2x—2?= 1, then 2 =2-2. 


(a) The tangent at P(0,-1) has gradient 2. 
Hence its equation is y + 1 = 2x. 
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The tangent at Q(3,-4) has gradient 2 - 6 = 4. 
Hence its equation is y + 4 = -4(x - 3) ic. y=—4x + 8. 


=-4r+8ier= 1}. 





These lines intersect where 2x ~ 
When x = 15, y=2x-1=2. 
So the coordinates of T are (13, 2). 





(b) The shaded area is divided into two parts A and B as the boundary 
line changes at T (x = 3). 


Area of A= [P(Qx— 1) -Qr-x- 1] dr 
= [hears 2 He} 

Area of B= fy [(-4r + 8) - Qr—x°- D] dr 
= J, 8 6r+9) de 

[$-3e +9}, 

9-2742)-(- 242 





ae 


Hence the total shaded area = 3 units*, 





Exercise 11.4 (Answers on page 631.) 


1 Find the area of the region bounded by the curve » — 9 and the x-axis. 


2 Calculate the area enclosed by the curve y = 3x — 2°, the x-axis and the lines x 
xe2, 








3 Find where the curve y =x ~.x~ 1 meets the line y = 5. Hence find the area of the: 
region bounded by the curve and the line y= 5. 


4 Part of the curve y = x(x ~ 1)(x - 2) is shown in Fig.11.22. Find the values of a and 
b. Hence find the area of the region enclosed by the curve and the x-axis from x = 0 
tox=b. 


y 


Fig. 41.22 


5 Find the area of the region enclosed by the following curves or lines: 





() y=x2-x,yex 
(h) y= 43,y=5—x 





6 In Fig.11.23, the curve (y ~ 1)? = x + 4 meets the y-axis at A and B. 
(a) Find the coordinates of A and B and (b) calculate the areas of 
(i) the shaded region P, (ii) the shaded region Q. 


Fig.11.23 





7 For acurve, e = 2x + & where & is a constant, and the curve has a turning point 
where x = 2. 
(a) If it passes through the point (-1,8), find its equation. 
(b) The line y = x + 3 meets the curve at points A and B. Find the coordinates of A 
and B. 


(c) Hence find the area of the region enclosed by the curve and the line. 


8 (a) Sketch the curve y = x(3 - x). 
(b) Find the equation of the normal to the curve at the origin and the x-coordinate of 

the point where this normal meets the curve again. 

Find the area of the region bounded by the curve and the normal. 


« 


9 The normal at the point A(x = 0) on the curve y = 2 — x —.° meets the curve again at 
B. Find (a) the coordinates of B, and (b) the area of the region bounded by the curve 
and the normal. 


10 Fig.11.24 shows part of the curve y= 1~ 
Find (a) the coordinates of the point A where the curve meets the x-axis and (b) the 
equation of the tangent to the curve at A. (c) The line through B(2,0) parallel to the 
y-axis meets the curve at C and the tangent at T. Find the ratio of the areas of the 
shaded regions ABC and ACT. 


y 


Fig. 11.24 





11 Fig.11.25 shows part of the curve y = ° and the line y = 4. The line AB is drawn 
through A(0,2) with gradient —1 to meet the curve at B. Find (a) the coordinates of B, 
and (b) the ratio of the shaded areas P and Q. 


Fig. 11.25 





12 (a) Sketch the curve y = (4-3). 

(b) Find the equations of the tangents to the curve at the origin O and at the point 
where x = 3. 
If these tangents meet at T, find the x-coordinate of T and the area of the region 
enclosed by the tangents and the curve. 


(3 


13 Fig.11.26 shows part of the curve y = x7 ~ x + 2 and a line UV. 
(a) Find the coordinates of U and V and the equation of UV. 
(b) Hence find the area of the shaded region . 


Fig. 11.26 





14 Fig.11.27 shows part of the curve y = 5 —x ~. and the line y = 2x + 1 which meet 
at A and B. Find 
(a) the x-coordinate of A and of B, and 
(b) the area of the shaded region. 


Fig.11.27 





15 Fig. 11.28 shows part of the curves y= 3 and y=x*- 4x. 
A is the point (1,2) and BC is part of the line x = 3. Find the area of the shaded region. 


Fig. 11.28 
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SOLIDS OF REVOLUTION 


A portion of the curve y = f(x) between the ordinates x = a and x= b is rotated about the 
x-axis through 360° (one revolution). 

The outline will be that of a solid, called a solid of revolution (Fig. 11.29). The x-axis 
is an axis of symmetry and any cross-section perpendicular to that axis will be a circle. 
Examples of such solids are a cylinder, a cone, a sphere etc (Fig.11.30). 


y 


yat(x, 
x 
Fig. 11.29 2 


x 


Fig.11.30 





We can use calculus to find the volume of such a solid. Suppose V is the volume of the 
solid between x = a and x = b (Fig. 11.31). Let x increase by 8x. Then y will increase by 
By and V by dV. 


Fig.11.31 
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Fig. 11.32 shows a section in the plane of the axes through the solid. The slice 8V has 
two circular faces of radii y and y + 8y. 


Fig.11.32 Fig.11.33, 





Hence its volume lies between the volumes of two cylinders of radii y and y + 8y and 
thickness x (Fig. 11.33). wv 
‘Then my? Bx < BV < nly + By)? Bx which gives my? < BY < my + By)? 


Now as 8x —> 0, 8y — 0 and y + 8y — y and the right hand term — ny°. 
ww 

& 7 a" : 

In the limit, $Y = my* and V = f mye de 


=n fy? deas mis a constant. 
‘ 
‘The volume of revolution of y = f(x) between x= a and x = bis xf y° dv 
Similarly, if a portion of the curve y = f(x) is rotated about the y-axis (Fig.11.34), the 


volume of revolution will be 


4 
J‘ dy where c and d are the limits on the y-axis. 


Gln 


Fig.11.34 
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Example 24 


The portion of the curve y = * between x = I and x = 2 is rotated through 360° about | 
(i) the x-axis, (ii) the y-axis. Find the volumes created. 


i 5 2 2 

@ In Fig.11.35,V,=% fy dr= x Js ac | 
-*[3], 
=n(2)-G)] 
= $@2-n 

= 3 units? 


Such answers are usually left in terms of m. 
y 


Fig. 11.35 





(ii) In Fig. 11.36, the limits are now 1 and 4, corresponding to x = 1 and.x = 2, and the 
function must be expressed as x = Vy. 


Vj=% Jean f'yay 
=*[3]) 


=n @~3)= YF units? 


Fig. 11.36 
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Solid of Revolution Created by a 

Region between Two Curves 

In Fig.11.37, y, = f(x) and y, = g(x) are two curves intersecting at x = a and x = b. If the 

shaded region is rotated about the x-axis, the volume created by y, is m fy? dx and that 

by y, is w [y? dx. Hence the volume created by the region will be x} ( - y3) dx. 
The same principle will apply to rotation about the y-axis. 





Fig. 11.37 





Example 25 


Fig.11.38 shows the part AB of the curve y" = x ~ 2 where B is the point (3,1). CB is 
the tangent to the curve at B with gradient 4. The curve meets the x-axis at A. Find 
(a) the equation of CB, | 
(b) the coordinates of C, | 
(c) the volume swept out by the shaded region when revolved round the x-axis, | 





(a) Equation of CB is y- 1 = $(x-3) ie. 2y=x-1ory 





(b) The tangent meets the x-axis where x = 1 so C is (1,0). 


Fig. 11.38 
| 
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(c) The x-coordinate of A is 2. 
Between C and A the boundaries of the shaded region are the line and the x-axis, 
but between A and B the boundaries are the line and the curve. So we have to find 
the volume in two parts. The simplest method is to find the volume produced by 
CB and subtract the volume produced by AB. 


; 
Volume produced by CB = x J, Cty ar 


ee et 


Ef @-20+ nar 
f+] 


(9-943)- FG -1+D 


" 


(8) = % units? 


0 


e 2 
Volume produced by AB = x J (x-2) dr=n [$ 





=nG -6)—n2-4) 


= units? 
= 5 units’ 


Hence the required volume = 2 ~ 3 = F units’. 





Exercise 11.5 (Answers on page 631.) 
Unless otherwise stated, leave answers in terms of f. 


1 Find the volumes created when the parts of the curves given below are rotated about 





the x-ax 
(a) y=¥,0SxS1 (b) y=x(1-x), 05x52 
© y= f,1sxs2 @ y=x-f,isxs2 
@ yaVelsxs4 ®) y=V4—e, 1sxs2 
2. Find the volumes made by rotating the parts of the following curves about the axis 
stated: 


(a) y=x+1, 0S x5 2; xaris 
(b) y= Vx, 0S x59; y-axis 
(©) yt -x, 0S x 1; x-axis 
@) y=t, 1 sx 3; x-axis 
(e) y= 1-8, 05x82; y-axis 
3 The part of the curve y = x° + 1 between x= I and x = 2 is rotated about the y-aris 
through 360°. Find the volume formed. 


4 The negative part of the curve y = x — 2x is rotated completely about the x-axis to 
form a solid of revolution. Find its volume. 


mm 


5 (a) Find the coordinates of the points of intersection of the line y = 2x and the curve 
yer, 
(b) The region enclosed by the curve and the line between these points is rotated 
about the x-axis to form a solid. Find its volume. 


6 The region between the curve y =x? + I, the 2 axes and the line x = 1 is revolved round 
the x-axis, Find the volume generated. 


7 Sketch the curve y? = x + 4. The area bounded by the curve and the y-axis is rotated 
about the y-axis through 360°, Calculate the volume created correct to 3 significant 
figures. 


8 (a) A point P(x,y) moves so that it is always 2 units from the origin O. State the 
relation between x and y and the name of the curve this relation represents. 
(b) The part of this curve above the x-axis is rotated about that axis to form a solid. 
Find the volume of the sphere created. 





9 Fig.11.39 shows an ellipse whose equation is = + % =1. 
(a) State the coordinates of the points A and B. 
(b) If the part above the x-axis is rotated about that axis through 360°, find the 
volume of the ellipsoid formed. 





Fig. 11.39 


10 Fig.11.40 shows part of the curve y = 4x — x and a line OA where O is the origin. The 
x-coordinate of A is 2. 
(a) Find the equation of OA. 
(b) If the shaded region is rotated about the x-axis, find the volume formed. 
(c) If the curve meets the x-axis at B, what is the volume created if the unshaded 
region OBA is rotated about the x-axis? 





Fig.11.40 
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11 Show on a diagram the region enclosed by the curve y = x? + 2 and the line 
y= 4x-~ 1, stating the coordinates of the points of intersection. If this region is rotated 
‘completely round the x-axis, find the volume of the solid formed. 

12 The curves y =. and y = 2-. for x > 0, intersect at A. Find the coordinates of A. 
‘The region bounded by the curves and the y-axis is rotated about the x-axis through 
360°. Find the volume of revolution. 

13 In Fig.11.41, the curves y* = 4x and y = 2x° intersect at O and A. 

(a) Find the coordinates of A. 
(b) The region bounded by the two curves is rotated about (i) the x-axis, (ii) the 
y-axis, Find the ratio of the two volumes created. 


Fig.11.41 





14 Fig.11.42 shows parts of the curves y = + (x > 0) and y* = x which intersect at A. 
(a) Find the coordinates of A. 
(b) The shaded region between the curves, the x-axis and the line x = 3 is rotated 
about the x-axis. Find the volume of revolution. 


Fig. 11.42 





15 Copy Fig.11.43, which shows part of the curve y= + and add the curve y = +? and 
the line y = 2. If the region bounded by these curves and the line is rotated about the 
x-axis, find the volume generated. 





Fig. 11.43 x 
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16 OA lies on the line y = 3x (x 2 0), where O is the origin, and AB is part of the curve 
y= 4-2 (x2 0). B lies on the x-axis. Find (a) the coordinates of A and B, and (b) the 
volume of revolution made by rotating the region OAB about the x-axis. 


17 Fig.11.44 shows part of the curve y =x ~ } for x > 0. The curve meets the x-axis at 
A and the line y =} at C. Find (a) the coordinates of A and C and (b) the volume 
made by rotating the shaded region about the x-axis. 


Fig.11.44 





Fig. 11.45 


18 Fig.11.45 shows an arc of the circle y* = 4 — x and a chord AB which lies on the line 
x= I. Show that 
(a) the coordinates of B are (1, V3), 
(b) the volume created when the shaded region is rotated about the y-axis is 
4nV3 units’. 
19 B is the point (h,0) and A the point (h.1). 
(a) Find the equation of OA, where O is the origin, in terms of h and r. 


(b) If OA is rotated through 360° about the x-axis, which solid is formed? 
(c) Find the volume of this solid in terms of h and r. 





20 Fig. 11.46 shows the part of the curve y= 4 for.x> 0. A is the point (1,1) and the 
tangent to the curve at A meets the x-axis at B. C is the point (3,0). Find 
(a) the equation of the tangent and the coordinates of B, and 
(b) the volume made by revolving the shaded area round the x-axis. 





Fig. 11.46 
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21 Fig.11.47 shows the part AB of the curve y = x2 + 2 where B is the point (2,6). The 
tangent at B to the curve meets the x-axis at C. Find 
(a) the equation of the tangent, 
(b) the coordinates of C, and 
(c) the volume of the solid formed by 
rotating the shaded region completely about the x-axis. 





SUMMARY 


dy 
© i =A), then y 





J 9 dx +c (indefinite integral). 


ax’ 
net 





° we =ar',y +c, (n#-I). 





© Definite integral J? f(x) dx = [g(x = g(6) — g(a) where g(x) is the indefinite integral 
of f(a). 


© Area between y = f(x), the x-axis 
and x= a, x= b (Fig. 11.48(a)) 


=f var= ff tae 


© If f(x) <0 fora sx<b, the area 








- i f(x) de. 


© Area between y = f(x) and the 
y-axis for cS y $d (Fig. 11.48(b)) 


= J’ x dy where x is found in terms of y. 


© Area between y = f(x) and y = g(x) 
for a SxS b and f(x) > g(x) Fig. 11.48(c)) 





Fig. 11.48 


= f [f(x) — g(x)] de. 


@ =Ify=f(x) for a <x < bis rotated completely round the x-axis, the volume of the solid 
of revolution produced = x [” y* dx: if rotated about the y-axis, volume = x x? dy, 


where c, d are the limits for y. 
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REVISION EXERCISE 11 (Answers on page 632.) 
Answers for volumes may be left in terms of . 
A 

1 Onacurve for which 2 =p +x, where p is a constant, the tangent at the point (2,5) 

has a gradient of ~2. Find the value of p and the equation of the curve. 
1 Fed 
2 Evaluate (a) J (r=) dr (by J Star 
3 Fig.11.49 shows part of the line y = 2x and part of the curve y = 4x ~a?. Calculate the 


ratio of the areas of the regions P and Q. © 
y y=2x 
= 4x 
Fig. 11.49 x 
° 


4 A particle, moving in a straight line, passes through a fixed point O with a velocity of 
8 ms". Its acceleration, a ms, t seconds after passing O is given by a= 12—6r. Find 
(i. the velocity of the particle when 1 = 2, 

(ii) the displacement of the particle from O when r = 2. © 


5 Fig.11.50 shows part of the curve y =.° — 2x + 2 and a chord PQ. Find 
(i) the coordinates of P and Q, 
(ii) the ratio of the area of the shaded region A to the area of the shaded region B. 
(Cc) 


Fig. 11.50 
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6 Fig.11.51 shows part of the curve y = 5 + 4x~.2°. A is the maximum point of the 
curve. Find 
(a) the coordinates of A, 
(b) the equation of OA 
(©) the area of the shaded region. 


y 





yaS eax? 


Fig. 11.51 7 x 


7 Fig.11.52 shows part of the curve y = 6x — and the line y = 3x. Show that the area 
enclosed by the curve and the x-axis is 36 units?, Calculate the ratio of the areas of the 
regions marked A and B. © 


Fig. 11.52 





8 Fig. 11.53 shows part of the curve »* =.x and the line 2y = x. If the shaded region is 
rotated through 360° about the y-axis and the x-axis, find the ratio of the volumes 
formed. 
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9 In Fig. 11.54, the line x + y = 5 meets the curve y = 4 at A and B. 
Find (a) the coordinates of A and B, and (b) the volume obtained by rotating the 


shaded area round the x-axis through 360°. 


Fig. 11.54 





10 A panticle travelling in a straight line passes a fixed point O with a velocity of 
1§ ms". It moves in such a manner that, 1 seconds after passing O, its acceleration 
ams*, is given by a = p + gt, where p and g are constants. 

Given that its velocity is 3} m s when ¢= 2 and that it comes instantaneously to rest 
when f= 3, calculate the value of p and of q. 
Find the distance travelled by the particle between = I and t= 2. © 

11 (@) Findf (k - 4yar 
(b) In Fig. 11.55, the line y = 1x is the tangent to the curve y* =.x— 1 at the point (2,1). 

Calculate the volume swept out when the shaded region shown is rotated through 
360° about the x-axis. © 











Fig. 19.55 


12 A particle passes a fixed point O with a velocity of 3 and moves in a straight line with 
acceleration a given by a = 3 ~ 2 where ris the time in seconds after passing O. Find 
the velocity and the distance of the particle from O when = 2. 


279 


13 Calculate the volume generated when the shaded region in Fig. 11.56 is rotated 
through four right angles about the x-axis. © 


Fig, 11.56 





14 Fig. 11.57 shows part of the curve y* =x + 1. AB, CD are parallel to the y-axis where 
A is the point (1,0) and C is the point (K,0). If the volume produced by rotating the 
region Q about the x-axis is 3 times the volume produced by rotating the region P, find 
the value of k. 





Fig. 11.57 


15 The tangent at the point (2,4) on the curve y= x meets the x-axis at A. 
(a) Find the coordinates of A. 
(b) If the region bounded by the curve, the x-axis and the tangent is rotated about the 
a-axis through 360°, find the volume created. 


16 The part of the curve y = 4 — x lying in the first quadrant meets the y-axis at A and 
the x-axis at B.C lies on the curve and the equation of OC is y = 3x, where O is the 








(a) Find the coordinates of A, B and C. 
(b) The region OAC is rotated about the y-axis and the region OBC is rotated about 
the x-axis. Find the ratio of the volumes of revolution produced. 


17 (a) Explain the geometrical meaning of the result [° f(x) dx = 0 if f(x) is not every- 
where zero. . 


(b) Given that i pls) dr = 6 evaluate 
(J 3pco ax, 


: 
Gi) J, (2 pe) ax, 
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City f° tp(a) —2) ae + f° fpa) + 1) ae 


18 Fig. 11.58 shows part of the curve (y — 2)? = x + 4 and part of the line y 
(a) the coordinates of B, (b) the area of the shaded region. 
y 








Fig. 11.58 





19 Fig. 11.59 shows part of the curve y = x ~ +. Given that C is the point (2.0), find 


(i) the equation of the tangent to the curve at the point A, 
(ii) the coordinates of the point T where this tangent meets the x-axis, 

(iii) the coordinates of the point B where the curve meets the x-axis, 

(iv) the area of the region enclosed by the curve and the lines AT and BT, 

(v) the ratio of the area found in part (iv) to the area of the triangle ATC. (C) 





Fig. 11.59 





20 Part of the curve y = 2x is shown in Fig. 11.60 where A is the point (a,0). AB is 
parallel to the y-axis and BC parallel to the x-axis. 
(a) Show that the area of region P is twice that of region Q. 
(b) If both regions are rotated about the y-axis, show the volumes produced are 
‘equal. 





Fig. 11.60 . 


9 Ala.) 


281 


21 y= ax + bx +c where a, b and c are constants. Given ie ay d= 0 find the value of 


when x= and | y dx =0 find the value of a and of c. 





b. If also y = 


B 
22 (a) UF J} d= 12, find the vale of f f(x - 1) de. 

(b) What is the value of ait f° fx +a) dx = fi f(x) de. 
ar 
fh yar 
24 Sketch the graph of y = [3° — 2x. Hence find J? | x? - 2x dx. 


23 Ify = x2 + 1, evaluate 


25 A solid bow! is formed by rotating the parts of the curves y = x° and y =? = 1 for 
x>Oand 0S y $1 about the y-axis (Fig. 11.61). Calculate 
(a) the capacity of the bowl, i.e. the amount of liquid it could hold, 
(b) the volume of material in the bowl. 





Fig. 11.61 


26 Fig. 11.62 shows part of the curve y? = 4x. P is any point on the curve and PN is 
perpendicular to the x-axis. 
Show that the volume generated by rotating the shaded region about the x-axis is 


equal to x ON x PN?. 


Posy 


ms 
ig. 11.62 7 Not 
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27 The region below the curve y = ax? (where ais positive) for 0 <.x <2 is rotated about 
the x-axis, while the region between the curve and the y-axis for 0 $y < 4a is rotated 
about the y-axis. Find the value of a if these volumes are equal. 

28 Sketch for 0 <.x < 4 the graph of the positive function f, where 

t—+ BS? for0sxs1, 


b> $25 for xs 2 and 


frxb-—~ yB~ 2x for2e xs. 








Show that the gradients of the last two parts are equal where x = 2. If the resulting 


figure is rotated about the x-axis through 360°, calculate (in terms of m) the volume 
produced. 
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Revision Papers 
1-5 


PAPER 1 (Answers on page 632.) 
1 (a) Differentiate (x — 3) with respect to x. 
(b) Evaluate J? (x — 29 dx 


2 Solve the simultaneous equations 2x ~ 3y = 7, xy 


¥-6. 





3 The functions f and g are defined for x > 0 as f : x #———-» 3 -x, gixbh—e ft 


Show that (a) f and g are each self-inverse functions, and (b) (fg)! = ret (©) Prove that 
fg(x) = gf(x) has no real solutions. 


4 Given the points A(-1,2), BG,1) and C(4,-2), find 
(a) the equation of the line AB, 
(b) the equation of the line through C perpendicular to AB. 
5 On the same diagram, sketch the graphs of y = | x- 1 | and 
the range of values of x for which |x—1|>|x+2|. 
6 AB = 2i + j and A is the point (3, 2). 
(a) State the coordinates of B. 
(b) If C is the point (0,-1), use a vector method to find ZABC. 
7 (a) Prove the identity (cos @ + sin 8)? = 2 — (cos @ ~ sin 8. 
(b) Solve the equation cosec 28 = -2.15 for 0° < 8 < 360°. 


=|x+2|. Hence find 








8 Calculate the area of the region lying between the curve y=.x*~ 3x+ 2, the x-axis and 
the lines x = -1, x = 2. 


9 The sector OAC of a circle centre © and radius 4 cm has an area of 12 cm?, Find 
(a) the angle of the sector in radians, 
(b) the perimeter of the sector, 
(©) the area of the segment cut off by the chord AC. 


10 (a) For what values of k is the function x° + 2kx + 5 always positive? 
(b) Given that f(x) is a quadratic function and that f(x) is only positive when x lies 
between -1 and 3, find f(x) if f(-2) = -10. 


PAPER 2 (Answers on page 632.) 


1 The perimeter of a sector of a circle is 8 cm and its area is 4 cm?. 
Find (a) the angle of the sector, (b) the length of its arc. 


2 Find the solutions of these equations for 0° < 8 < 360°: 
(a) sin 26 =-0.4 (b) cos (8 + 30°) = 0.25, 


3A particle starts from rest at a point O and moves in a straight line with velocity 
vm s given by v = 6r— 37 where ris the time in seconds after the start. Find 
(a) its acceleration when the particle is next at instantaneous rest, 
(b) the distance travelled to that position. 





4 (a) Find the coefficient of x° in the expansion of (2x - 3)’. 
(b) If the first two terms in the expansion of (ax +b)‘ in descending powers of x are 
32x° - 80x, find the value of a and of b. 





5 The sides AB and AC of a triangle lie on the lines 2x 5 and x + 3y = 13 
respectively. Given that C is the point (-2,5) and that ZACB = 90°, find the coordi- 
nates of A and of B. 





6 Fig.R1 shows part of the curve y = 2x and the lines y = 2. and 
area of the shaded region. 


Fig. Rt 





£ + bx at the point (1,-1) is -8. Find the values of 
a and b. Hence find the equation of the tangent to the curve where x = 2. 


8 Given the function y = x° - 3x + 2, find the approximate percentage change in the 
value of y if x is increased by 2% when it is 3. 
9 (a) The function f is defined by f:.x -—» £+4 (x #2), 
Find (i) (3) and (ii) the values of x for which f(x) = x. 


(b) The function g is given by g :x +—» a ~ 3 (x # 0) where a is a constant. If 
(2) ~ g'(-2) = 2 find the values of a. 
10 The position vectors of two points A and B referred to an origin O are 2i - 3) and 
34 + 4j respectively. Find 
(a) AB in terms of i and j, 
(b) angle AOB. 





285 


PAPER 3 (Answers on page 633.) 


1 (a) Find (j) the range of values of x for which the function x - 3x° - 9x + 1 is 
increasing and (ii) the nature of the stationary points on the curve and the values 
of x where they occur. 

(b) Find the maximum value of (x + 6)(a x) where a and are constants. 


2 Solve the simultaneous equations x + 2y = 8, x? - ay +y? = 7. 


3. A cone of radius 6 cm and height 24 cm is held vertex down with its axis vertical. 
Water is poured into the cone at the rate of 90 cm? s"!. At what rate is the water level 
rising when its greatest depth is 12 em? 


4 (a) A and B are points with position vectors 4i + 1 and i - 4 respectively with 
reference to an origin O. If OA is perpendicular to OB, find the values of 1. 
(b) Thas position vector ~2i + 4j and the ine TP is parallel to the vector i + 3). Show 
that the position vector of P is given by OP = (t-2)i + (3r+4)j where ris a scalar. 
Hence find the value of ¢ for which OP is perpendicular to TP. 


5 Find the volumes created when the shaded 
region in Fig.R2 is rotated about 
(a) the x-axis, 
(b) the y-axis, 
each through 360°, 





Fig. R2 





6 (a) Find the equation of the normal to the curve 
() Evaluate f’ 





~ 2x at the point where 





7 (a) Find and simplify the first three terms in the expansions, in ascending powers of 
x, of (1 + 3x)! and (2 ~ x)* and hence find the coefficient of x? in the expansion 
of (2 + Sx- 3x3). 

(b) Find the range of values of y for which | y*- Sy-1 | <5. 
8 (a) Find the coordinates and type of turning points on the curve y =x" + 2x? 4.41, 
() Irp=t- 5 find 42. Hence find the approximate percentage change in P, stating 
if P is increased or decreased, when t is decreased from 2 by 0.5%. 

9 In AOAB, OA = a, OB = b and M is the midpoint of AB. T,lies on OB where 

= }OB.OM and TA intersect at N. Taking TN = KTA and ON = mOM, find two 


vector expressions for ON in terms of k, m, a and b and hence find 
(a) the values of k and m, and 
(b) the ratios ON:NM and TN:NA. 
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10 (a) Solve the equation 3 sin? @ = 2 cos @ +2 for values of @ in the range 0° < @< 360°. 
(b) A particle moves along a straight line so that its velocity v m s“! at time ¢ seconds 
from the start is given by v = F ~ 4. 
(® Find the time after the start when the particle is at instantaneous rest. 
(ii) What is the velocity of the particle when its acceleration is zero? 
ii) Find the displacement of the particle during the first 3 seconds of motion. 


PAPER 4 (Answers on page 633.) 


1 (a) Differentiate with respect to x (i) (2 — x + 1) (ii) x 
(b) Show on a diagram a sketch of the curves y = cos 2x and y = | 2 sin x| for 
0 <x $ 2m. State how many values of x will satisfy the equation 
cos 2x = | 2 sin x| in that range. 





2 (a) Given that A = 3r + }, find the rate of change of r with respect to ¢ when r = 2 
if the rate of change of A with respect to ris 42. 

(b) Solve the equation cos § = ~0.35 for 0° < @ < 360°. 

3 A curve passes through the point (0,2) and its gradient at any point (x,y) on the curve 
is 1—~x-20. Find 
(a) the equation of the curve, 
(b) the coordinates of the turning points on the curve, stating the nature of each one, 
(©) the equation of the tangent to the curve at the point where x = 1. 


4 In Fig. R3, the curve y?=.x + I cuts the y-axis at A and meets the line x = 3 at B. Find 
the ratio of the volumes produced by rotation through 360° about the x-axis of the 
shaded regions P and Q. a 





y 






Yoxet 









Fig. RB 





c 





° 


5 (a) For cach of the following functions, find the range of f(x) corresponding to the 
domain given: 
3-x|for-l<x<4 
-¥ for-1S$xS3 
(iii) f(x) =? - 4x + 3 for OS. x53 
(b) r, = 2i-j, r, =i + 3j and r, =i + j are three vectors. Find 
(i) |p| where p=r,-r, + 2r,, 
(ii) the product (r, + F,)4 
(ii) the value of t if r, +m, is perpendicular to r, + r,. 
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6 (a) If y = 6 —x—.X, find (i) the range of values of x for which y is positive and 
Gi) the maximum value of y. 
(b) If f:x+-—= 45 (x #-3), find in a similar form f° and F. 
(©) Given that f :x\——» 2° + 2 and g:x1-—= x= 1, find the value of x for which 
fg(x) = gf). 
7 OAB is a triangle with OA = a and OB = b. OP lies on OA where OP! 
Qlies on AB where AQ:QB = 2:1. OQ and PB intersect at R. 
(@) State AB, AQ, OQ and BB in terms of a and b. 
(b) By taking PR = pPB, show that PR = 3(1 -p)a + pb. 
(©) If OR = qOQ find the values of p and g. 
(@) Hence find the ratios OR:RQ and PR:RB. 


8 (a) Find the values of “£2 on the curve y= 2x(x~ 3)? where $ = 0. 


(b) A, B, C and D are the points (-5,2), (2,3), 6) and (3,10) respectively. Find 
(i) the coordinates of the point M where AD and BC intersect, (ii) the equation 
of the line through M perpendicular to AB. 


9 (a) Sketch the curve y = |x° - x-2| for -2 <x < | and hence find the finite area 
enclosed by the curve and the x-axis. 

(b) OABC is a quadrilateral in the first quadrant where O is the origin. The equation 
of OA is 2y = vand the equation of OC is y = 2x. If the coordinates of B are (6,6), 
find the coordinates of A and C and show that OABC is a rhombus. Find the area 
of the rhombus, 


10 In an acute-angled triangle ABC, the base BC = a and the height of the triangle = h. 
A rectangle PQRS is drawn inside the triangle with P and Q on BC, R on CA and S 
on AB. If PS = x, find an expression for the area of this rectangle in terms of a, h and 
x and hence find the maximum area of the rectangle. 





Land 








PAPER 5. (Answers on page 633.) 
1 A piece of wire 120 cm long is bent into the shape shown in Fig.R4. Show that the 


area A cm? is given by A = 480x — 60x". Hence find the value of x which gives the 
maximum area. 


Fig. 4 





2 Fig.RS shows a part of the curve y=x—- 2 and the line x+y =7. 
Calculate the volume produced when the shaded region is rotated about the x-axis. 


3 (a) Find, in ascending powers of x, the first three terms in the expansions of 
(i) (1 ~ 2x) and Gi) 2-2), 
Hence find the coefficient of x° in the expansion of (I~ 2x)‘(2 ~ x)’. 
(b) The function f is defined as f : x +» —%0-. Given that f(1) = 4 and 


f(-4) = -4, find (i) the value of a and of b, (ii) the values of x for which 
f(x) =x. 
4 (a) The radius r of a sphere increases from 2 to 2.01. Find the approximate change 
in the surface area A. [A = 4nr"] 
(b) The radius r of a spher increasing at a constant rate of 0.02 cm s“'. 
Find the rate at which the volume is increasing when r = 3 cm. 









(©) The volume V of a sphere decreases by approximately 6% when the radius 
decreases by p%. Find the value of p. 


5 (a) Given that f f(x)dx = 7, find the values of 
@ fF tay + nar + ff tHe -2Jae 
ay ft 
(iy ft ata 
Gi) Pere Ya 
(b) On one diagram, sketch the graphs of 
@ y=sin2x, (i) y=|sinx| for0<x<2n. 
State the number of solutions of the equation sin 2x = | sin x | in this range. 
(©) Prove the identity 
(cos @ ~ sin 6)(cosec 8 ~ sec 8) = sec 8 cosec 6 ~ 2. 
6 (a) (i) The equation (k + 4)s? - 2(k+ 1)x-+ k= 1 = 0 has equal roots, Find the value 
of k. 
(ii) If the equation has real roots, find the range of values of k. 
(b) With respect to an origin O, the position vectors of the points A and B are 
2i + j and 4i - 2j respectively. 
(Show that | OB | = 2| OA |. 
Position vectors of the points C and D are given by 
OC = 208 - OA and OD = BA. 
(ii) Show the points A, B, Cand D on a diagram and calculate the angle between 
O€ and Ob. 
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7 The mean value of function {(x) for a Sx <b is defined as 


[im de, 


A lies on the x-axis where OA = 2 and P is the point (1,1). If Q is any point on OA 
where OQ = x, find an expression for the length of PQ? in terms of x. Using the above 
definition, calculate the mean length of PQ? as Q moves from O to A. Hence state the 
mean length of PQ. 








8 (a) Sketch on the same diagram the graphs of y = | x| and y= 2-7 
Hence find the finite area enclosed by y = | x| and y= 2-2°. 
(b) A point P(x,y) moves so that its distance from the point (1,0) is always twice its 
distance from the line x + 2 = 0. Find the equation of the curve on which P will 
lie and the coordinates of the points where this curve meets the x-axis. 











9 On graph paper, taking scales of 2 cm for ¥ radians on the x-axis and 4 cm for 1 unit 
on the y-axis, draw the graphs of y = 2 cos x and 2ny = x for 0 $x$ 2n. Hence find 
from your graph approximate solutions to the equation x = 4m cos x. 


10 (a) (i) Given that f(x) = x— 4, sketch the graph of y = f(x) for 1 $x $4. Hence 
sketch the graph of y = F(x) for 3 SxS 3. 
(ii) Calculate the volume created if y = f(x) for | < x < 4 is rotated about the 
al 
(b) Find all the angles between 0° and 360° which satisfy the equations 
(i) 3 sec 2x =4, 
Gi) 2 cot y cos y =3. 
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Remainder and 
Factor Theorems: 
Cubic Equations 


THE REMAINDER THEOREM 


Consider the polynomial x’ - 2x? + 4x - 3. Divide this by x — 3. Using long division as 
in Arithmetic, the steps are as follows. 















Ove x47 
v-3 a - 2h + 4r—3 
@xr-3 
® rtdr @ 
® = 3x 
@ k-3 @ 
@ w-21 





@® 18 remainder 


Step Divide x’ by x to give 
Step @  Muhtiply x3 bye 
Step Q) Subtract to get x and bring down the next term, 4x 
Step @ Divide »* by x to give x 

Step @ Multiply x3 by x 

Step (©) Subtract to get 7x and bring down the next term, -3 
Step QD Divide 7x by x to give 7 
Step @) Multiply x —3 by 7 

Step G) Subtract; this gives the ret 





In the following it is the remainder which is important 


Let fix) = x" - 2x7 + 4x ~ 3, Now find f(3). What do you notice? 
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This result is not a coincidence. In fact we shall prove that when a polynomial f(x) is 
divided by a linear expression x — @ the remainder will be f(a). 


If we divide say 15 by 4, then the result (the quotient) is 3 and the remainder is 3. The 
connection between these is 


is = 4 x 3 + 3 
tT t t 
divisor quotient. remainder 


So if we divide f(x) by (x - a) and the quotient is Q, and the remainder R, then 
fix) = (x- a) x Q+R 


This is true for all values of a. 


Now put.x =a. 
Then —f(a)=0xQ+R 
ie. R= f(a). 


If we divide by the general linear expression px + q, then f(x) = (px + q) XQ +R. 
Putx=~ % and (2) =r. 


p 
This is the remainder theorem for a polynomial f(x): 





If f(x) is divided by px + g, the remainder is £(-) 


It is also worth remembering the simple form: when f(x) is divided by (x - a), the 
remainder is f(a). 


‘The theorem only applies to polynomials and only to linear divisors. Note also that it 
tells us nothing about the quotient. 





Example 1 
What are the remainders when x! ~ x° + 3x — 2 is divided by (a) x — 1, (b) x +2, 
(ce) 2x-1? 

(a) Here,x-aisx-1soa 
f)=sl-1+3-2=1 
The remainder is 1. 

(b) Here, -2. 

f(-2) =-8-4-6-2=-20 
The remainder is 











(©) pr+q=2x-1,so-£ = 1, 


(1) 21 1 3 
()=9-443 
‘The remainder is - 3. 





a 
P 
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Example 2 

The polynomial x! + ax? - 3x +4 is divided by x2 and the remainder is 14. What is 
the value of a? 

Taking f(x) as the given expression, 

the remainder = f(2) = 8 + 4a-6 +4 =6 + 4a. 

‘Then 6 + 4a = 14 and a = 2. 








Example 3 


fix) = x) +a? + bx - 3. When fix) is divided by x— 1 and x + 1, the remainders are 
1 and -9 respectively. Find the values of a and b. 

Dividing by x — 1, the remainder = f(1) = 1 +a +b-3=a+b-2. 
Thena+b-2=1,soa+b=3. 

Dividing by x + 1, the remainder is f(-1) =-1 +a-b-3=a-b-4. 

Then a ~b-4=-9,s0a-b=-5. 

Solving the two equations for a and b, a= 1 and b= 4. 











Example 4 

The polynomial fix) = A(x ~ IF + B(x +2) is divided by x +1 and x ~ 2. The 
remainders are 3 and -15 respectively. Find the values of A and B. 

Divisor x + 1: remainder = f(-1) = A(-I — 1° + B(-1+ 2) =4A+B=3 

Divisor x ~ 2: remainder = f(2) = A(2 - 1)? + B(2 + 2)? =A + 16B =-15 

Solving the simultaneous equations, A = I and B = -1. 

















— 
Example 5 


(i) If the expression x! + px? + qx +7 gives the same remainder when divided by 
x +1 or.x~2, show that p +q = -3 

(ii) If the remainder is 4 when the expression is divided by x ~ 1, find the value of r. 

(iii) If also the remainder is -60 when the expression is divided by x +3, find the 
values of p and q. 





(i) Divisor x + 1: remainder = f(-1) = -1 + p-q +r 
Divisor x — 2: remainder = {(2) = 8 + 4p + 2g +r 
Then -1+p-q+r=8+4p+2g+r 
so 3p + 3q=-9 orp+q=-3. 
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(ii) Divisor x — 1: remainder = f(1) = 1+ p+q+r=4. 
Butp+q=3 
Then 1-3 +r=4 andr =6. 

(iii) Divisor x + 3: remainder = f(-3) = -27 + 9p — 3q +6 = -60 
Hence 9p ~ 3q = -39 or 3p -q =-13. 
Solving the simultaneous equations in p and q, p = 4, q = 1. 








Exercise 12.1 (Answers on page 634.) 


Find the remainder when x’ + 2x° — x — | is divided by 

(a) x-1 (b) x+1 (©) x-3 (d) x+4 
(e) 2x-1 () 3x+2 (g) 2x-3 (h) xtr 
Find the remainder. when 

(a) x - 7x -3 is divided by x + 2 

(b) x - 3x°- x + 3 is divided by x +3 

(c) 3x’ = -—x- 1 is divided by x-4 





v 


3 Find the remainder when the following expressions are divided by the linear express- 
ion stated: 
(a) 1-2x-3x by x-2 (b) 8 + 3x—3 by 3x-2 
(0) P+ -x-Fbyxt3 (@) 38-4 +4 by 3x41 
(e) 2b -2 + 4x42 by 2+] () 4x -2x-3byx+3 
4 If 20 — x — 1 is divided by x + 2, what is the remainder? 
5 If x’ — 2x + 1 is divided by 3x + 2, what is the remainder? 
6 What is the remainder when ax’ + bx? + cx + d is divided by x + 1? 
7 The expression 2x° + px° — x — 2 is divided by x + 3. State the remainder in terms 


of p. 


Given f(x) = ax? + ° - 3x — 2 and that the remainder on dividing f(x) by x + 2 is 0, 
what is the value of a? 


© 


+ px — 4 is divided by x + 4 and the remainder is -28. Find the value of p. 


10 The polynomial x’ + ax + bx - 1 is divided by x - 2 and x + 1 
‘The remainders are 7 and 4 respectively. Find the value of a and of b. 
11 When the expression x° + px? + gx + 2 is divided by x + 2, the remainder is double that 


obtained when it is divided by x — 1. Find a relation between p and q. If the remainder 
is also 6 when the expression is divided by x + 1, find the value of p and of q 








12 The remainders obtained when px’ + gx? + 4x — 2 is divided by x - 1 and x +2 are 
equal. Show that 3p - q = -4. If also the remainder is -18 when the polynomial is 
divided by x - 2, find the value of p and of q. 


13 The expression x ~ 4x —2 has the same remainder when it is divided by either x - a 
or x—b (ab). Show that a+b = 4. 
Given also that the remainder is 10 when the expression is divided by x — 2a, find the 
values of @ and b. 

14 When x! ~ x? + ax + b is divided by x — 1 and.x + 1, the remainders are ~5 and 1 
respectively. Find the values of a and b. 

15 The polynomial x* + 3x° + ax? + bx — 1 is divided by x—1 and x +2. 
The remainders obtained are 4 and 19 respectively. Find the values of a and b. 

16 When the polynomials x - 4x + 3 and x" - 1° +.°+9 are each divided by x ~ a, the 
remainders are equal. Find the possible values of a. 

17 If.x2 + (m—2)x—m? — 3m + Sis divided by x + m, the remainder is —1. Find the values 
of m. 


THE FACTOR THEOREM 


If (x - a) is a factor of f(x), then there will be no remainder when f(x) is divided by 
(x=). So f(a) = 0. Similarly, if px + q is a factor of f(x), 3) = 0. This is the factor 
theorem for a polynomial f(x): 








If px + q is a factor of f( 


. (2) =0. 


If f(—2) =0. px + is a factor of f(x). 


We use the factor theorem to factorize polynomials (if possible). 





Example 6 
Factorize x! — 6% — x +6. 


Take f(x) as «° — 6x7 — x + 6. As f(x) is of the third degree, it will have ar most three 
linear factors of the form px + a, qx + b, rx +c. 


Then x? ~ 6x? =x + 6 = (px + aligx + birx +0) 
yp 


As the first term i 
Sox - 60 -x+ 






p=q=re=l. 
(r+ alr + bur +e) 
La 


‘The last term is +6 soa x bx ¢ = +6, 
Hence the possible factors come from x + 1,.x+2,x+3,x+6. 
‘The first factor has to be found by trial. 

Try x— 1. Then f(1)=1-6-1+6= 





so x— 1 is a factor. 


Now we could continue trying other possible factors. In simple cases, this would be 
quick and satisfactory but in general could be time consuming, especially if the poly- 
nomial had only one linear factor. 


For a cubic polynomial the best method is to find one factor by trial and then deduce 
the remaining quadratic factor by inspection. The steps are shown in full here but in 
practice all the working is done mentally and only the results written down. 


= 68-2 + 6 = (x- 1 
We now complete the blank bracket step by step. 


® 
2-68 -x +6 = (x- ICE + x - 6) 
Lo Ss @ 


Step (2) The first term in the second bracket must be 2° 
Step (2) The last term must be -6 as -1 x -6 = +6 
Step Q) Take the middle term as «x. To find 1, equate the coefficients of x°. 


—_—_ 
6c (x - 1)? + x -6) 
Ut 
So -6x7 = =? + be and f= -5. 
Check the coefficient of x: (x — 1)? - Sx - 6) i.e. +5x - 6x = =x which is correct. 


Hence f(x) = (x = 1)(8 = Sx = 6) = (e = Dr — Ox + 1). 








Example 7 
Factorize x ~ 3° - 2x +8. 
The possible factors are x + 1, x 2,04, x48, The first factor is found by trial, 
‘Try x + 1: remainder =-1 -3 +248 #0. .x+ 1 is nota factor. 
: remainder = 1-3 - 248 #0..x—1 is not a factor. 
remainder = -8 - 12 +4 + 8 #0. x + 2 is not a factor. 
: remainder = 8 - 12-4 + 8 = 0. x-2 isa factor. 
= 
Then x! = 3x° = 2x +8 = (v= 2)? = x-4) 


Te 





Hence the expression = (x — 2)(7 — x = 4) as x7 ~ x - 4 cannot be factorized. 











Example 8 

Factorize 4x' — 8° —x +2. 

‘The first term 4x° makes the solution more complicated as one of the factors must be 

2x +a or 4x + b, However try x - 1 and x + | and confirm that they are not factors. 

Now try x — 2: remainder = 32 - 32-2 + 2=0 so x -2 is a factor. 

Then 4x° -— 8 - x +2=(x-2)4P | - 1) 
u 


L no middle term 


Hence the expression = (x — 2)(4x? - 1) = (x = 2)(2e - IQx + 1), 








Example 9 


The expression 2x' + ax? + bx — 2 is exactly divisible by x - 2 and 2x +1. Find the 
values of a and b and hence find the third factor. 


Divide by x — 2: remainder = 16 + 4a + 2b - 2 = 0 so 4a + 2b =-14 or 2a+b= 
Divide by 2x + Taman» 4) +a(-4) +0(-4) -2 

¢ - 3 -2=0soa-2b=9. 
b=-5. 








b 

B-p+9-3 

Solving the two equations for a and b, a= —I, 
Let (px + q) be the third factor. 


Hence 2x° — x7 — Sx -2= (2x + Ix - 2px +q) 
= (2x - 3x - 2)(pr +g) 


By inspection, p = 1 and by checking the last term, q = +1. 





Hence the third factor is x + 1. 











Exercise 12.2 (Answers on page 634.) 


1 Factorize 

(a) +1 (b) @ 4x0 + Sx-2 

(©) P-4e +246 (@) P+ 60 + 1146 
(ce) #-¥ + 2-2 (f) x + 3x - 6-8 

(g) 2x) + 7x? + 8x +3 (h) 3x +28 -3x-2 

@) x-1 G) 8 -2e-9r4 18 
(k) 2x) — 3x? = 8x + 12 () 6x = 132 + 9x-2 


2 If.x’ + ax +6 is divided by x + 1, the remainder is 12. Find the value of a and factorize 
the expression. 


3 Given the expression ax’ + bx? + cx + d, show that x~ 1 is a factor ifa+b+c+d 
= 0. (This result is worth remembering: if the sum of the coefficients = 0, then x- 1 
is a factor. 
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4 The expression 2x’ + ax’ + bx + 1 is exactly divisible by 2x — 1 and x + 1. Find the 
value of a and of b and hence find the third factor of the expression. 

5 Given that f(x) = x° — 6? + 11x + p, find the value of p for which x —3 is a factor of 
f(x). With this value of p, find the other factors of f(x). 

6 8 +ax+b and x +2ax + 3b have a common factor x + 1. Find the value of a and of 
and with these values factorize the cubic expression. 

7 f(x) =x + ax + bx +4 and f(x) is exactly divisible by x - 2. If the remainder is ~ 24 
when f(x) is divided by x + 2, find the value of a and of b and hence factorize f(x). 

8 x +a +x + bis exactly divisible by x—3 and the remainder is -20 when it is divided 
by x +2. Find the values of a and b and then factorize the expression. 

9 The function f(x) = 2° + ax? - 2x + b has a factor 2x - 1, When f(x) is divided by 
x+ 2, the remainder is -15. Find the value of a and of b and find the other two factors 
of f(x). 

10 Given that f(x) = x° + av + bx + 8 and that the remainders when f(x) is divided by 
x+ land x +2 are 6 and -8 respectively, find the value of a and of b and hence 
factorize f(x). 

11 If x - 2 is a common factor of the expressions x7 + (p + q)x - q and 
2x + (p— Ix + (p + 24), find the value of p and of q. 


12 The remainder when x(x + b)(x - 26) is divided by x — b is -16. Find the value of b. 


13 Find the value of k (# 0) for which x + & and x —k are both factors of x? — x? - 9x + 
9. Then find the third factor. 

14 The expression x' + 4x° + 6x? + Sx +2 has only two linear factors. Find these factors. 

15 The expression A(x - 1)’ + B(x + 3)! + 20 is exactly divisible by x + 1 and the 
remainder is 26 when it is divided by x. Find the value of A and of B. Using these 
values, rewrite the expression as a polynomial and factorize completely. 





Solving a Cubic Equation 





Example 10 
Solve the equation 2x! + 3x° - 3x = 2. 


First we factorize the polynomial 2x° + 3x — 3x - 2. 
The sum of the coefficients is 0 so x — 1 is a factor. 
Then the polynomial is (x — 1)(2x° + Sx + 2) = (x - 1)(2e + I(x + 2). 


Hence the roots of the cubic equation 2x + 3x2 - 3x-2=0arex= 1 or- 5 or-2. 
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Example 11 

If fix) = - 3x2 +x +2, solve the equation fix) = 0. 

x= 1 is not a factor of f(x). 

Verify that x + 1 is also not a factor. 

‘Try x - 2 and verify that this is a factor. 

Then f(x) = (x- 20? - x= 1). 

The roots of f(x) = 0 are x = 2 and the roots of 7 -x~ 1 =0, 


iex= 143 = 1.62 or -0.62. 











Example 12 
Given that fix) = x - 2x° +2x, solve the equation fix) = 4. 


f(x) = 4 gives x! - 2x2 + 2x - 4 = 0. To solve this equation, we first factorise the 
polynomial x? — 2x? + 2x— 4. 

Check that.x + 1 and x — I are not factors. Now try x — 2. 

Divide the polynomial by .x - 2 to obtain the other factor. 

The equation is (x — 2)(x? + 2) = 0 and the only root is x= 2.as.x° + 2 = 0 has no real 
roots. 











Example 13 


Find the nature and x-coordinates of the turning points on the curve 
y = 3x! +4x! 6x — 12x41. 


& sav + 12e- 12-12 = 126 +P 2-1) 
@ <0 when +7-x-1=0. 
x— 1 is a factor of the left hand side of this equation. 


‘Then x3 +32 =x 1 = (= IG + 2+ 1) = (x= te + 1? and so % = 0 when.x= 1 
orx=-t1, 


dy 2 
$F = 120 + 2x1) 
# 
When x= 1, 4% > 0 so this is a minimum point. 





2 : 
1, & =0 so we use the sign test on & = (x— 16+ V 


When x = -1, a 








x slightly <-1 | -1 | slightly >-1 
sign of & : 0 % 




















sketch of tangent 





1, the curve has a point of inflexion. 





IDENTICAL POLYNOMIALS 


If we state that two cubic polynomials are identical, then corresponding coefficients must 
be equal. 

So if 2x’ -.8 +.x-5 sar + bx + cx +d thena=2,b=-I,c=1andd=-5. 

We can also say that the polynomials are equal for all values of x. 

This enables us to convert a polynomial into a form which may be more suitable for 
further computations. The method is general and applies to any polynomials of the same 
degree. 





Example 14 


Given that 2x° 2 — 7x - 5 = (Ax + BYix~ I)(x + 2) + C for all values of x, evaluate 
A, B and C. 


First expand the right hand side, obtaining 
(Ax+ BYP +x-2)+C = Ax + (B+ Ade +(B-2A)x-2B+C 


= 20-8 -7x-5 
Now compare coefficients: 

The x? term gives A = 2. 

The »? term gives B+ A =-1 so B 





Check that the x-coefficients are equal. B- 2A =-3 - 4 = -7 which is correct. finally 
-2B+C=-SsoC=-ll. 

An alternative method is to substitute suitable values of x into each polynomial, 
remembering that these are equal for all values of x. 

Put x = 1, Then 2~1~7~-5=0+CsoC=-I11, Note why | was chosen. What other 
value of x could we have chosen instead? 

Now put x = 0. Then - 5 = (B)(-1)(2) - 11 so B= -3. 
Put x = -1. Then -2 - 1 + 7-5 =(-A - 3)(-2(1) - 11 

ie. -1 = 2A +6-11soA=2. 

Either method is simple to use, but the second method needs a careful choice of values 
for x. 
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Exercise 12.3 (Answers on page 634.) 


1 Solve the equations 





@) e+eP-x=1 (b) o+2P-x=2 

(©) O+6e4 1x+6=0 (@) P- 4 +5x-2=0 
(©) #+22-2+3=0 © 13x + 12 

(g) x - 9x7 + 26x = 24 (h) 8 = 6x45 

@) e-4P4x4+6=0 @ 4v - 126 + 5x+6=0 


(k) (2x + 1) = 13x-6 


2 The expression x’ + ax? + br + 12 is exactly divisible by x~ | and.x +3. Find the value 
of a and of b and the remaining factor of the expression, Hence solve the equation 
x tax +bx+12=0. 


3 (x-2) is a factor of 2x° + ax! + bx ~ 2 and when this expression is divided by x +3, 
the remainder is -50. Find the value of a and of b and the other factors. Hence solve 
the equation 2x° + ax? + bx = 2. 


4 In each of the following, the polynomials are equal for all values of x. Evaluate A, B 
and C. 
(a) S-x = 2x-7 = x(Ar + BY t 1) +C 
(b) 3x° - 82° + 4x -5 = (Ax + BYx—2)+C 
(c) 3x? = 13x2 + 18x - 10 = (Ax + BY - I-24 C 
(d) 4x5 - 7x? - Sx + 6 = (Ax + B(x - 2)(x+ 1) +C 
(@) 2 -x+3=A(es 1? + B+ 1)4C 
(f) 208-72 + 7x-5 = A(x- 1) + Bx(x- 1) +C 


5 (a) Solve the equation x — 7x + 6 = 0. Hence state the solutions of the equation 
(x- 2) - 7K - 2) + 0. 
(b) Solve the equation 2x = Lx? - 17x + 6. 

6 If f(x) = 2° + ax? + bx + 6 and the remainders when f(x) is divided by x + 1 and x ~2 
are 20 and 8 respectively, find the value of a and of b and hence solve the equation f(x) 
=0. 

7 (a) f(x) = x° + ax + bx + 12. Given that the remainders when {(x) is divided by 

x+ Land x +3 are 12 and ~30 respectively, find the value of a and of b. With 
these values, solve the equation f(x) = 0. 
(b) f(x) = x0 + ket + 3x ~ 2 is divided by x + k. If the remainder is 4, find the value 
divisible by x - 4, With this value for k, solve the equation f(x) = 4(x - 1). 


8 Find the x-coordinates of the points where the line y = Sx - 1 meets the curve 
yedteatt 

9 Find the coordinates of the points of intersection of the curve y = x° and the line 
yo x46. 


10 Show that 2x° ~ x? + 3x ~ 4 cannot be equal to x(Ax + B)(x - 2) + C for all values 
of x. State the new coefficient of x in the first polynomial which will make the 
polynomials identical. 





11 Find the x-coordinates of the points where the line y = x + 6 meets the curve 
y =a) + 3x + +2 and show that the line is a tangent to the curve at one of these 
points, 

12 Find the x-coordinates and the type of the turning points on the curve 
ya = 8e +220 24+ 4, 

13 Fig.12.1 shows part of the curve y=.x' + 1. The tangent at A (-1,0) meets the curve 
again at T. Find 
(a) the equation of AT, 

(b) the coordinates of T, 
(©) the area of the shaded region in the figure, 


Fig. 12.1 





14 The tangent at P(1,1) on the curve y =.x° meets the curve again at Q. Find 
(a) the equation of PQ, 
(b) the coordinates of Q, 
(©) the area of the finite region enclosed by the tangent and the curve. 


SUMMARY 


© Remainder theorem: if a polynomial f(x) is divided by px-+q, the remainder is 
; if divided by x —a, the remainder is f(a). 








© Factor theorem: if px + q is a factor of f(x), 1-4) =0; 
if. x —a is a factor of f(x), fla) = 0. 


° (2) =0, px +q is a factor of f(x); 
if f(a) = 0, x - a is a factor of f(x). 
© If the sum of the coefficients of f(x) is 0, then x ~ 1 is a factor of f(x). 


REVISION EXERCISE 12 (Answers on page 635.) 


A 


1 The expression ax’ — x7 + bx — | leaves remainders of -33 and 77 when divided by 


xt 


2 and x ~ 3 respectively. Find the value of a and of b and the remainder when 


divided by x-2. 


2 (a) 


(b) 


3) 


(b) 
© 


‘The expression 6x? +.x + 7 leaves the same remainder when divided by x—a and 
x + 2a, where a #0. Calculate the value of a. 

Given that + px + and 3x + q have a common factor x ~ b, where p,q and 
b are non-zero, show that 3p? + 4q = 0. © 


Find, in terms of p, the remainder when 3x° ~ 2x° + px ~ 6 is divided by x +2. 
Hence write down the value of p for which the expression is exactly divisible by 
x2. 

Solve the equation x° ~ 12x + 16 = 0. 

Given that the expression x’ + ax? + bx + c leaves the same remainder when 
divided by x - 1 or x + 2, prove that a= +3. 

Given also that the remainder is 3 when the expression is divided by x + 1, 
calculate the value of c. © 


4 Find the x-coordinates of the points where the curves y = x° - 4x? — 5 and 
y = 2x? - Lx + 1 intersect. 


5@ 


() 
© 


6 (a) 


i 


7 (a) 


(b) 


The expression 2x + ax? — 72x — 18 leaves a remainder of 17 when divided by 
x +5, Determine the value of a. 

Solve the equation 2x' = x7 + 5x +2. 

Given that the expression x? — 5x +7 leaves the same remainder whether divided 
by x—b or. x—c, where bc, show that b +c = 5. 

Given further that 4bc = 21 and that 6 > c, find the value of b and ofc. (C) 





Given that x + 2 is a factor of f(x) 
factorise f(x). 

Solve the equation 2x’ + 3x? ~ 4x — 4, giving the answers correct to 2 decimal 
places if necessary. 

If 4x — 1 Lt - 6x +7 = (Av+ B)(x + 1) 3) + C for all values of x, evaluate A, 
Band C. 


~3x°— 4x +p find the value of p and hence 





The expressions x° — 7x + 6 and x" ~~ 4x +24 have the same remainder when 

divided by x +p. 

(i) Find the possible values of p. 

(ii) Determine whether, for either or both of these values, x + p is a factor of the 
expressions. 

Given that E = .x* ~ x° + 5x" + 4x ~ 36, find (i) the remainder when E is divided 

by x + 1, (ii) the value of a (a > 0) for which x + a and x ~a are both factors 

of E. © 
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8 If the polynomials (i) 3x° + 7 + 2x + 4 and (ii) x° + 2° + 6x — 10 are each divided 
by x —a, the remainder from (i) is double the remainder from (ii). Find the possible 
values of a. 


9 The gradient of a curve at the point (xy) is given by 3x° ~ 12x + 12 and the curve 
passes through the point (0,7). Find the equation of the curve and the coordinates of 
the point(s) where it meets the x-axis. 


10 If the vectors r, = (¢— 1)i- (¢ + 2)j and r, = Fi + (¢- 1)j are perpendicular, find the 
possible values of r. 


11 (a) Find the remainder when x’ + 3x — 2 is divided by x + 2. 
(b) Find the value of a for which (1 — 2a)x? + Sax + (a — 1)(a — 8) is divisible by 
x —2 but not by x— 1. 
(c) Given that 16x4 - 4° - 46x? + Thx + 18 is divisible by 2x + b, 
(i) show that 5° ~ 7b? + 36 = 0, 
(ii) find the possible values of b. (C) 
12 The tangent at the point P(1,3) on the curve y = x’ —x + 3 meets the curve again at T. 


Find (i) the equation of PT, (ji) the coordinates of T and (iii) the area of the finite 
region enclosed by the curve and the tangent. 


13 Fig. {2.2 (not drawn to scale) shows parts of the curves y =x" +2 and y= x(2x + 1). 
Find the coordinates of the points A, B and C where the curves intersect and the areas 
of the shaded regions P and Q. 


Fig. 12.2 





14 By first solving the equation x? - 3x + 2 = 0 or otherwise, find the solutions of the 
equation (x +2) = 3x +4. 


15 If f(x) =x - 3x7 + x - 3, show that x — 2 is a factor of f(x + 1). 


16 Given that 2x + p is a factor of 2x* + px’ + 2px? + 7x + 3, show that p’— 7p + 6 =0 
and hence find the possible values of p. 


304 


17 Solve the equation 6 cos’ @ = 7 cos* @ — I for 0° < @ < 360°. 


18 Factorize the polynomial f(x) = x° - (2p + 1x2 + (2p - g)x + q where p and q are 
constants. If the equation f(x) = 0 has three real roots, show that p? + q 2 0. 


19 If the polynomial ax’ + bx? + cx — 4 is divided by x + 2, the remainder is double that 
obtained when the polynomial is divided by x + 1. Show that c can have any value and 
find b in terms of a. 








20 If the solutions of the equation x° + px? + gx + r= 0 are a, b and c it can be proved 
that a? + B? +c = p* — 2pq and that a’ + b +c? = 3pq — p' - 3r. 
Verify these statements for the equation x + 2x? - Sx- 6 = 0. 
Make up a cubic equation (x — a)(x— b)(x—c) = 0 with values for a, b and c and verify 
the statements for your equation. 





21 Find the ranges of values of x for which 
De - 3 + +6 < (x + 20+ DO- 1) 


Arithmetic and 
Geometric 
Progressions 


ARITHMETIC PROGRESSIONS 


Here are 3 sequences of numbers which follow a simple pattern. Can you say what the 
next two numbers should be? 

@) 1,4,7,19, 

(ii) -15, -11, -7, -3, ... 

(iii) 29, 275, 26, 245 








You will have found that in (i) the numbers increase by 3 so the next two numbers are 
13 and 16, in (ii) the numbers increase by 4 so the next two are 1 and 5, and in (iii) the 
numbers decrease by 1} so the next two are 23 and 215. 

‘These are examples of an arithmetic progression, which we shall abbreviate as AP, 
An AP is a sequence of numbers which increase by a constant amount (+ or -). This 
amount is called the common difference (d) and the starting number is called the first 
term (a). Hence the second term, or T, for short is a + d, the third term T, is a+ d +d 
=a + 2d and so on. 





Ist term 2nd term 3rd term 4th term nth term 
a, a qt, To a, 
a atd at+2d ath .. a+(n=1d 


So the formula for the nth term of an AP is 





T,=a+(n-W)d 


Note that the difference between consecutive terms is constant: 


T, = qT, 
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Example 1 


(a) What is the 15th term of the AP -S, ~ 
(b) Which term is 28? 


In this AP, a = -5 and d = 3. 


(a) T= a+ ld =-5 +42=37 
(b) T, =a + (n= 1)d so 28 =-5 + (n- 1) x3 =3n-8 


Hence n = 12 i.e. 28 is the 12th term. 








Example 2 


Find a formula in terms of n for the nth term of the AP 15,9, 3, ... and hence find the 
30th term, 


T, = a+ (n= Id = 15 + (n= 1) x (6) = 21 -6n 
Then T,, = 21 — 6 x 30 = -159. 








Example 3 


The nth term of an AP is given by T, = 2n + 9. Find (a) the first term, (b) the common 
difference. 

(a) T,=2x14+9=1 

(b) d=7,-T,=2x2+9-11=2 











Example 4 


If the 5th term of an AP is +4 and the 10th term is 16, find the first term and the 
common difference. 


T,=a+4d=—4and T,, =a + 9d= 16. 
Solving these equations, d = 4 and a = -20. 
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Example 5 


The first term of an AP is -4 and the 15th term is double the 5th term. Find the 12th 
term. 


We must first find d. 
T,,=-4 + 14d and T, = -4 + 4d. 
T= 27, 80-4 + 14d = 2(-4 + 4d) = -8 + Bd. 


Hence 6d = ~4 and d =~ 3. 
Then the 12th term =a + Id =-4 + 11x (3) =-11}. 








YY 
Example 6 


The sum of three consecutive terms of an AP is 18 and their product is 120. Find these 
terms. 


‘We could take k, k + d and k + 2d as the three consecutive terms but it is simpler to 
take k —d, k and k + d instead. 


The sum of these is 3k = 18 and so k = 6. 
‘The product of the three terms is 

(k — dk(k + d) = (6 — d) x 6 x (6 + d)= 120 
so (6-d)(6 + d)= Wie. 36-# = 20 ord = 16. 
Hence d = +4. 


‘The numbers are either 2, 6, 10 or 10, 6, 2. The numbers are the same but they come 
from different APs. 











Arithmetic Means 

If a, b and c are three consecutive terms of an AP, is called an arithmetic mean 
between a and c. Now b~a =c-b so 2b=a+c and b= } (a +c). For example, the 
arithmetic mean between ~7 and 3 is $(-7 +3) = -2. 


Exercise 13.1 (Answers on page 635.) 


1 State the first term and the common difference and then find the 7th and the 15th 
terms of the following APs: 
(@) 2,6, 10, ... (b) -3,0,3... 
© $b @) 1714, Ly 


2 For the AP 2, 1, 4, ... state (a) the 8th term, (b) the 12th term. (c) Find a formula for 
the nth term. 


3 Find (a) the 9th, (b) the 20th, terms of the AP 17, 13, 9, 
(c) Which term of this AP will be -35 ? 
(d) Find a formula for the nth term. 


4 (a) Find a formula for the nth term of the AP -10, -7, 4, ... 
(b) If 2x - 3 is the arithmetic mean of x° - 4 and Sx — 8 find the values of x. 


5 The 8th term of the AP a, a + 4, a +8, ... is 33. Find (a) the value of a, (b) the 15th 
term. 








6 If the first term of an AP is 5 and the 9th term is 25, find the common difference. 
7 Find (a) the 7th term and (b) a formula for the nth term of the AP 3, 3, 14). 
8 The 4th term of an AP is 13 and the 10th term is 31. Find the 20th term. 


9 The Sth term of an AP is 5} and the 9th term is 8}. Find the 17th term and a formula 
for the nth term. 


10 The 4th term of an AP is 5 and the 11th term is 26. Find 
(a) the first term and the common difference, 
(b) a formula for the nth term. 


11 A ball rolls down a slope so that it travels 4 cm in the Ist second, 7 cm in the 2nd, 
10 cm in the 3rd and so on. How far does it travel in 
(a) the 7th, 
(b) the nth, second? 
12 The nth term (T,) of an AP is given by T, = 3 — Sn. 
(a) State (i) the 8th term, (ii) the 21st term. 
(b) What is the first term? 
(c) What is the common difference? 


13 The nth term (7,) of an AP is given by T, = $ 
(a) State (i) the Sth term, (i) the 10th term, 
(b) Find the common difference. 


14 If the Sth term of an AP is 10 and the 10th term is 5, find the first term and the 
common difference. 





15 If the 12th term of an AP is double the Sth term find the common difference, given 
that the first term is 7. 


16 The 16th term of an AP is three times the Sth term. If the 12th term is 20 more than 
the 7th term, find the first term and the common difference. 


17 In an AP the 9th term is -4 times the 4th term and the sum of the Sth and 7th terms. 
is 9. Find the first term and the common difference. 


18 In an AP the 22nd term is 4 times the Sth term while the 12th term is 12 more than the 
8th term. Find the first term and the common difference. 
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19 Find a formula for the nth term of the AP 3, 25, 2,.... 


20 The sum of 3 consecutive terms of an AP is 6 and their product is 42. Find these 
terms. 


21 p,q and r are three consecutive terms of an AP. Express p and r in terms of g and d, 
where d is the common difference. If the sum of the terms is 21 and p = 6r, find p, q 
and r. 


22 Which of the following sequences is an AP? 
@ ft Ree ©) 5 
© 3,4 3.. @ } 

23 The 9th term of an AP is 3 times the Sth term. 
(a) Find a relation between a and d. 

(b) Prove that the 8th term is 5 times the 4th term. 








24 If x +1, 2x1 and x + 5 are three consecutive terms of an AP, find the value of x. 


25 x+2,x+3 and 2¢ + 1 are three consecutive terms of an AP, find the possible values 
of x. 


Sum of an Arithmetic Progression 


Suppose you were asked in a quiz: ‘What is the sum of the first 20 numbers?”. Could you 
give the answer quickly? 
It would be too slow (and difficult!) to add them all up, so we think of a quicker way. 
‘The sequence is an AP. Call the sum S,,. 
Sy = 1+ 2+ 34..418+19+20 
Sy =20+19418+..+ 3+ 24 1 


Now add: 


Wy = 242+ 24... + W221 
which is 20 x (first number + last number) 
= 20x 21 = 420 





this for any AP with n terms of which the first is a and the last is 
(a + L) and therefore S, = $(a +L). 

Hence a formula for the sum S, of n terms of an AP, with first term @ and last term 
Lis 





However we may not know the last term. So we convert this formula into a more suitable 
one. L is the nth term and so L = a + (n - Id. 
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Then,S, = $(a +L) = $la+a+(n-1)d) 
formula for S,: 


$ (2a + (n ~ 1)d] giving this alternative 


S, = 5120+ -"Hal 


We also say that adding the terms of a sequence gives a series. Thus 1 +2+3 +4 is an 
arithmetic series of 4 terms and the sum of this series is 10. The formula of 5, above gives 
the sum of an arithmetic series of n terms. 


S, is the sum of all the terms 7), Ty... T, 
S._, is the sum of all the terms T,, T,, 


Hence T, = S,-S,_,. 
For example the 9th term = S,~ S,. 








Example 7 

The integers from 12 to 55 are added. What is their sum? 
There are 44 integers. 

S(a + L) = S12 + 55) = 22 x 67 = 1474. 











Example 8 


A spot of light is made to travel across a screen in a straight line and the total distance 
travelled is 115.5 cm. The distances travelled in successive seconds are in AP. It 
travels 1.5 cm in the first second and 9.5 cm in the last. How long did it take to cover 
the total distance? 

In this AP, a= 1.5, = 9.5 and $= 115.5. 

Then 115.5 = 4(1.5 + 9.5) = U# so In = 231 and n= 21. 

It took 21 seconds. 














Example 9 


The sum of the first 8 terms of an AP is 12 and the sum of the first 16 terms is 56. Find 
the AP. 


S,= $ 2a + 7d) = 12 and S,,= !8(2a + 15d) = 56. 
Then 2a + 7d = 3 and 2a + 1Sd=7. 








Solving these equations, we obtain a =~ } and 


The AP is -}, $. 3, 
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Example 10 


The sum of the first 10 terms of an AP is 80 and the sum of the next 12 terms is 624. 
What is the AP? 


Syq= 12a + 9d) = 80 s0 2a + 9d = 16 @ 


We cannot use the formula for the next 12 terms as they do not start from a. But we 
know that the sum of the first 22 terms is 80 + 624 = 704, 


Hence $,, = 32 (2a + 21d) = 704 so 2a + 21d = 64 (ii) 
Now solving equations (i) and (ji), a = -10 and d = 4. 
The AP is -10, 6, -2, ... 


Example 11 


An AP contains 30 terms. Given that the 10th term is 21 and that the sum of the last 
10 terms is 675, find the sum of the first 10 terms. 


T,=a+9d=21 wa 
‘The sum of the last 10 terms = Sy, ~Syy 


= 2a + 29d) - P(2a + 19d) 


= 15(2a + 29d) — 10(2a + 19d) 
= 10a + 245d = 675 


Hence 2a + 49d = 135 Gi) 
Solving (i) and (ii), a = -6 and d = 3. 
Then S,,= 4P(-12 +9 x3) =5x 15 = 75. 














oe 
Example 12 


The sum of the first 10 terms of an AP is 34 times the sum of the first 4 terms. 
(a) Find the ratio of the 10th term to the 4th term. 
(b) Given that the 5th term is 2, find the sum of the first 10 terms. 
(a) 5, = 5(2a + 9d) and S, = 22a + 3d) 
Then 10a + 45d = }(4a + 6d) = 14a + 21d. 


Hence 4a = 24d or a = 6d. 

‘Then T,, = a + 9d = 15d and T, 

and the ratio T,,:T, = 15d:9d 

(b) T, =a + 4d = 2 so 10d = 2 and d= 0.2. Then a = 1.2. 
Sy = 5(2a + 9d) = 5(2.4 + 1.8) = 21 
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Example 13 


What is the least number of terms of the AP 3, 8, 13, ... that must be added to obtain 
a total greater than 80? 

Here a= 3, d= 5 and S,> 80. 

Then 5,= 2[6 + 5(n- 1)] > 80 ie. n(6 + Sn — 5) > 160 


So Sn? +n ~ 160 > 0. Hence n < ~5.8 (not applicable) or > 5.6 and therefore 6 terms 
must be added. 














Exercise 13.2 (Answers on page 635.) 


1 Find the sum of the first 
(a) 20 terms of the AP 4, 2, 0, 
(b) 15 terms of the AP -6, -2, 2, 
(c) 10 terms of the AP 5, 34, 2, 
(d) 11 terms of the AP -1 
(e) 8 terms of the AP -8, -2, 4, 
(f) 20 terms of the AP 12, 7, 2 . 


(g) 13 terms of the AP 2, 21,2 





3, 0.9, ... 











4 
2 Calculate the sum of the first 8 terms of the AP 4, 3, §... 


3 The first term of an AP is 35 and the last of 15 terms is -109. Find the sum of these 
terms. 


4 Inan AP, the first term is ~5 and the last term is 105. If the sum of these terms is 1550, 
how many terms are there in the AP? 


5 Find the sum of all the even integers from 6 to 50 inclusive. 
6 For an AP, a = 25 and d = -3. What is the value of n if S, = 1167 
7 How many terms of the AP 2, 5, 8, ... will add up to 155? 


8 How many terms are there in the AP -12, ~7, ..., 133? Find the sum of the last 20 
terms. 





9 The sum of the first 5 terms of an AP is 5 and the sum of the next 10 terms is 175. Find 
the first three terms. 


10 In an AP the 8th term is equal to the sum of the first 8 terms. Show that the 4th term 
must be 0. 


11 The first three terms of an AP are x, 2x + | and 5x — 1. Find the value of x and 
the sum of the first 10 terms. 


12 The first three terms of an AP are x + 3, 2x + 6 and 8. Find the value of x and the 
sum of the first 12 terms. 
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13 126 logs of wood are piled up as shown in Fig. 13.1. There are 21 logs in the bottom 
row. How many rows are there and how many logs are there in the top row? 


J 
/ \ 





Fig. 13.1 





14 In an AP, T,, = 2 T,, Find the ratio S,,:5,, 


15 What is the least number of terms of the AP 5, 11, 17, ... that must be added to give 
a otal sum greater than’ 100? 


16 A line which is 140 cm long is divided into 20 pieces whose lengths form an AP. If 
the shortest piece is 3 cm long, find the length of the longest piece. 


17 (a) 20 pieces of wood have lengths in AP. The shortest is 5 cm long and the total 
length of the pieces is 480 cm. What is the length of the longest piece? 
(b) Inan AP the sum of the first 11 terms equals the sum of the first 20 terms. Given 
that the 5th term is 33 find the sum of the first 31 terms. 


18 The 6th term of an AP with 12 terms is 14 and the sum of the last 6 terms is 126. 
Calculate the sum of the first 6 terms. 


19 The first term of an AP is 3. Given that the sum of the first 6 terms is 48 and that the 
sum of all the terms is 168, calculate 
(a) the common difference, 
(b) the number of terms in the AP, 
(c) the last term. 


20 (a) What is the least number of terms of the AP 4, 4.5, 5, ... to be added to obtain a 
total greater than 50? 
(b) Strips of wood whose lengths form the AP 10, 12, 14 ... cm are laid end to end 
in a straight line, How many must be laid to give a total length L cm where 
160 < L < 190? 


21 Given that the ratio of the 18th term to the 6th term in an AP is 3:1, calculate the ratio 
of the sum of the first 18 terms to the sum of the first 6 terms. 
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GEOMETRIC PROGRESSIONS 


Can you see the difference in the pattern of these sequences of numbers? 
@ 2,4, 6,8, 10, (i) 2, 4, 8, 16, 32, 64 


The first is an AP with common difference 2. In the second however, each term is 
multiplied by 2 to form the next term. This is the feature of a geometric progression or 
GP for short. In a GP, each term is multiplied by a constant, called the common ratio (r), 
to give the next term. 





‘Taking a as the first term, the pattern will be as follows: 


first term — second term third term fourth term... nth term 
T; T, Tr Dis (Tse ss 
a axr arxr ar xr 
a ar ar nn a 


‘The formula for the nth term of a GP is 
T,= ar"! 


Note carefully — the index for T, is m — 1. 


Ina GP, the ratio of a term to the preceding one is always equal to r. 








Example 14 
State the common ratio of 
(a) 12,-4,15.. (6) 5.5 (c) 103, 16,24, .. 





To find r, divide a term by the preceding one. 
(a) r=-4412=-} 
(b) r= } + 


(c) r=16+1 
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Example 15 
Find (a) the 12th term of the GP 128, 64, 32, ... (b) a formula for the nth term. 
(a) a= 128, r= 4. 


Then 7,, = ar" 





= 128x (4)'= 





(b) 7, = ar" = 128 x (3)" = 











Example 16 
If x +1,x +3 and x +8 are the first three terms of a GP, find (a) the value of x, 
(b) the common ratio r. 


= 223 - 2+8 
@) r= es 


‘Then (x + 3)(x + 3) = (r+ I+ 8) 
ie. x2 + 6x +9 =x + 9x +8 which gives x= 4. 


ait W425 
Ores ts +52 











Example 17 


The 4th and 8th terms of a GP are 3 and 45 respectively. Find the possible values of 
aand of r. 





Divide to eliminate a: 2% = 
Hence r= + 5. 

Itr=+ 4,a(4) =3 anda=3x27=81. 
ifr=-$,a(-4) =3 anda =-81. 
This gives two possible GPs: 81, 27, 





. or -81, 27, -9, 
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Example 18 


The first term of a GP exceeds the second term by 4 and the sum of the 2nd and 3rd 
terms is 2}. Find the first three terms. 





a-ar=4 w 
and ar + ar? = $ «i 
Divide (i) by (i) to eliminate a: 2=25 =4+ $= 3 


lor 3 
Then >> 3 


which gives 2 — 2r = 3r + 37° or 37° + Sr -2=0. 





Hence (37 - 1)(r + 2) = 0 giving r = } or -2. 
From (i), when r= 5, a= 6 and when r = -2,a= 
The first three terms are therefore either 6, 2, 3 or 


whe wie, 








Example 19 


|A store finds that it is selling 10% less of an article each week. In the first week it sold 
500. In which week will it be first selling less than 200? 


The number of articles sold forms a GP with a = 500 and r= 0.9. 
(If a = 500 then T, is 10% less ie. T, = 0.94 

iT, = 500(0.9)"' and we require the least value of n for which 500(0.9)"' < 200 
ie. 0.9 ' < 0.4. Then 0.9 < 0.4 x 0.9 = 0.36. 
This can be found quickly the x’ key ofa 
for say n= 5,6, ... and stopping when the result is first < 0.36. This 
In the 10th week less than 200 are sold. (An alternative method 
shown in Chapter 15). 












sing logarithms is 











Geometric Means 


If a, b and c are consecutive terms of a GP, then b is the geometric mean of a and c. 


2 = § 80 b? = ac or b = Vac. For example, the geometric mean of 2 and 32 is 8 as 


V2x32=8, 
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Exercise 13.3 (Answers on page 635.) 


1 Find the term stated for the following GPs: 
(a) Sth term of 80, 20, 5, 
(b) 6th term of the GP 60, 40, 262 


m9 243 
(©) 8th term of 728, 53, 81, 





2. Find a formula in terms of n for the nth term of the GP 2, 35. igo 


3 The 2nd and 7th terms of a GP are 40} and 4 respectively. 
Find the first term and the common ratio. 


4 The haga of the Ist and 3rd terms of a GP is 3 g and the sum of the 2nd and 4th terms, 
is 14 4» Find the first term and the common ratio. 


5 The 3rd and 6th terms of a GP are 24 and 3 respectively. Find the 2nd term. 
6 ea of a sequences of Bamber is a GP? 








@) 3... ) 3.3.8... © .RR- 
@ Rpg © } hh. (f) 8,12, 18,.. 
(g) 9,12, 15, .. hy 5. fs deem 


7 The 2nd and 6th terms of a GP (with common ratio r > 0) are § and 43 respectively. 
Find 
(far, 
(b) the first term, 
(©) the 3rd term. 


8 The 2nd and Sth terms of a GP are jy and 4; respectively. Find 
(a) the common ratio, 
(b) the first term, 
(c) the 3rd term. 


9 The nth term 7, of a GP is given by T, = ak*~'. State the first two terms. If the 
Sth term is 16 times the 3rd term, find the common ratio. 


10 If 8, x, y and 27 are four consecutive terms of a GP, find the value of x and y. 


11 The arithmetic mean of two numbers is 15 and their geometric mean is 9. Find the two 
numbers. 

12 Given that x + 2, x + 3 and x + 6 are the first three terms of a GP, find (a) the value 
of x and (b) the Sth term of the GP. 


13 Show that x + 1, x +3 and x + 5 cannot be three consecutive terms of a GP, whatever 
the value of x. 


14 If x-2,x- 1 and 3x —5 are the first three terms of a GP, find 
(a) the possible values of x, 
(b) the common ratio for each of the possible GPs. 
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15 Each year the value of an article decreases by 8% of its value at the beginning of the 
year. If the original value was $4000, after how many years will its value first be less 
than $1000? 

16 Which term of the GP 3, 4, 4, ..is $2 

17 The first term of a GP is 4 and the sum of the first three terms is 7. Find 
(a) the possible values of r and 
(b) the Sth term of each possible GP, 

18 Ina GP the sum of the 2nd and 3rd terms is 13 and the 4th term is 32. 
Find (a) the possible values of r and (b) the first term of the GP. 


19 In aGP where r > 0, the sum of the 2nd and 3rd terms is 73 and the 4th term is 13. 
Calculate the value of r. 


20 For the GP 4, 6, 9, ... find the value of m if the nth term is the first term greater 
than 100. 

21 When a ball is dropped onto a floor, it always rebounds a distance equal to 3 of the 
height from which it fell. If it is dropped from a height of 300 cm, calculate, correct 
to the nearest cm, the height to which it will rise after the 6th bounce. 


22 The sum of the first 3 terms of a GP is 7 times the first term. Find the possible values 
of the common ratio r if r #1. 


Sum of a Geometric Progression 


If S, denotes the sum of the first 1 terms of a GP then 
S, =atar+ar+.. ar 


‘Now multiply throughout by r: 
1S, = ar+ar+ar+ .. tar! +ar Gi) 


Subtract (ii) from (i): 

5,-1S,=a-ar 

ai-r) 

alan 

Hence the sum S, of the first n terms of a-GP, i.e. the sum of the first n terms of a 
geometric series, is given by: 


or S,(1 — 7) = a(1 — r*) which gives S, = 





Soe oe 


t-r 


This formula can also be written as S, = ““—». This form is more suitable when r > 1. 


If r = 1, the formula cannot be used but the GP is then a +a+a+...+a@ and S, = aa. 
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Example 20 
Find the sum of the first 10 terms of £4. 4, .. 


a= r=2n=10 


1 1023 _ 4977 
= 4 1024-1) = 123 = 1273 








Example 21 

Calculate, correct to 3 significant figures, the sum of the first 8 terms of the GP 12,8, 
i 

Shown. 

a=12, 





ah - Gy an — 2U-Gy (3) 


Steg 








2 
= 36{1 - (3) ] = 36 x 0.961 = 34.6 











Example 22 


What is the least number of terms of the GP 2, 3, +, ... to be added to give a total 
greater than 30? 


Here a= 2 and r= 3. 


ney -1 
At aus 1) and this must be >30. 





2 
Hence 1.5"~ 1 >7.5 or 1.5" >8.5. 
By calculator the least value of m (which must be an integer) satisfying this inequality 
is 6. So 6 terms must be added. 











Exercise 13.4 (Answers on page 635.) 
1 Find the sum of the first 6 terms of 64, 16, 4, 
2 Calcutate, correct to 3 significant figures, the sum of the first 7 terms of the GP 2, 1, 
Bem 


3 The 3rd and 6th terms of a GP are 108 and ~32 respectively. Find 
(a) the common ratio, 
(b) the first term, 
(©) the sum of the first 6 terms. 
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4 Ina GP the product of the 2nd and 4th terms is double the Sth term. 
(a) Find the first term. 
(b) If the sum of the first four terms is 80, show that + 7 +r + 1 = 40. 
(c) Hence find the value of r. 
(d) Show that the sum of the first m terms is 3° 





o 


5 Ina GP the product of the Ist and 7th terms is equal to the 4th term. Given that the 
sum of the Ist and 4th terms is 9, find 
(a) the first term, 
(b)_ the common ratio, 
(c) the sum of the first six terms. 


6 Three consecutive terms of a GP are x + 1, x3 and x ~ 6. Find 
(a) the value of x, 
(b) the common ratio 
If.x + 1 is the 4th term of the GP, find 
(c) the first term and 
(d) the sum of the first 5 terms correct to 3 significant figures. 


x 


The numbers p - 1, 2p ~ 2 and 3p — | are the first three terms of a GP, where p > 0. 
(a) Find the value of p. 
(b) Using this value of p, calculate the sum of the first 8 terms of the GP. 


ry 


Ina GP the 3rd and Sth terms are 9 and | respectively. Find the possible values of 
(a) the common ratio, 

(b) the first term, 

(c) the sum of the first 6 terms. 


e 


A particle moves along a straight line starting from a point O on the line. It covers a 
distance of 24 cm in the Ist second, 16 cm in the 2nd, 103 cm in the 3rd and so on. 
What is its distance from O after 10 seconds, correct to the nearest cm? 


10 The first term of a GP is 64 and the common ratio is }. How many terms must be 
added to obtain a total of 1273? 


11 The Ist, 3rd and 7th terms of an AP with common difference 2 are the first three terms 
of a GP. Find 
(a) the common ratio of the GP and 
(b) the sum of the first 6 terms of the GP. 


12. Find 3 geometrical means between 40} and 8. Hence find the sum of these 5 terms of 
the GP. 


13 A ball is thrown vertically upwards to a height of 81 cm above a floor. After each 
bounce it rises to a height of 2 of the distance it dropped. Show that the total distance 


it travels until it reaches the floor for the nth bounce is given by 486[1 -(2)'] em. 


Calculate this distance correct to the nearest cm if n = 8. . 
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14 The sum of n terms of a GP is given by 10- & Find 
(a) the sum of the first 4 terms, 
(b) the 4th term, 
(c) the first term, 
(d) the common ratio. 


15 The nth term (T,) of a GP is given by T, = 2**. Find 
(a) the first term, 
(b) the common ratio, 
(c) the sum of the first 9 terms. 


16 What is the least number of terms of the GP 5, 6, 7.2, ... to be added for the total to 
exceed 100? 


17 The annual output from an oil well diminishes each year by 5%. 200 000 barrels were 
extracted in the first year. It will become uneconomic to use the well when the output 
is less than 80 000 barrels per year. For how many years can the well be used? How 
much oil (in barrels correct to 2 significant figures) will have been extracted by then? 


Sum to Infinity of a Geometric Progression 


If we take more and more terms of a GP so that there is never a last term, we have an 
infinite GP, We look at what happens to the sum of such a GP. 

Consider these two GPs: 
(1,2, 4,8, 0 w 4d pe 


In (i) a= 1 and r = 2. Then the sum of n terms (S,) is given by S, = 





Now as m increases, 2" will also increase, in fact doubling for cach successive value of n. 
2"— 1 will increase beyond any bound. We say S, — e (tends to infinity) as n —> o2, Note 
carefully that c» is NOT a number but a symbol to indicate that n and S, continually 
increase without limit. 


Now in (ii), a= 1, r= } and S, = eo =2(1-4). 
-y x 


As n gets larger and larger (i.e. n =), 3¢ will become smaller and smaller, ic. -> 0. 
So 1 = 3; will get closer and closer to the value 1. 





Then S, = 2(1-3:) will get closer and closer to 2 . 
Here are some calculated values of S, to show this: 


n 5, 
5 1.9375 

10 1.998 046 88 
15 1.999 938 96 

20 1.999 998 09 


25 1.999 999 94 
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Example 24 


What is the least number of terms of the GP 3, 1, 
the sum to infinity by less than 0.001? 


«for which their sum differs from 








x  < 0.001. Then 3 x 1000 < 3° or 3° > 4500. 





By calculator the least value of n to satisfy this inequality is 8. 














Example 25 
The sum to infinity of a certain GP is 27. If the first term is 36, find r. 





so 36 = 27 ~ 27r giving r = - 5. 


This GP is 36, -12, 4,-3, 3,-# .. 
26 


If we add the terms one by one we get 36, 24, 28, 263, 273, 2638, ... which are 
alternately greater and smaller than 27 but tend to the limit 27. 











Example 26 


In its first year a tin mine produced 100 tonnes but thereafter output fell by 124% 


per year. (Assume that production could continue in this way indefinitely). 

(a) What ix the maximum amount that could be extracted from the mine? 

(b) It iy decided to close the mine when the annual production falls below 40 tons. 
After how many years will this be done? 

(c) How many tonnes of tin (correct 10 2 significant figures) had been taken up to 
that time? 

(d) What percentage of the maximum amount was extracted in that time? 


This is a GP with a = 100 and r= 1 ~ 0.125 = 0.875 
(a) Maximum amount = sum to infinit 














BY calculator, 1 = 8, so the mine will be closed after 8 years. 
(c) Amount produced in 8 years = soe 9875) 


= WMI 0354) ~ 530 tonnes 


‘o12s 


(d) Percentage produced x 100% = 66%. 
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Exercise 13.5 (Answers on page 636.) 


1 Find the sum to infinity (if possible) of the following: 


@ 2+h4i.. (b) 24484224... 

(©) 1-244-8+... (d) 36 +30+25+... 

(ce) 143494... () 10-5424 4... 

(g) 12484514. (h) 16-4414... 

(i) Besos... (i) 1 +cos 60° + cos? 60° +... 


2 The sum to infinity of a GP is 3 and the first term is 75. Find the common ratio. 


3 In Question 13 of Exercise 13.4, the distance the ball travels up to the nth bounce was 
given as 486(1 - (2) ] cm. What would be the maximum distance the ball will travel 
before coming to a stop? 


4 What is the sum to infinity of the GP 2, 0.2, 0.02, 





5 The sum to infinity of a GP with common ratio 3 is 12. Find the first term. 


6 The sum to infinity of a GP is 75 and the common ratio is 3. Find the first term. 


7 The sum to infinity of a GP is 9 and its second term is 2. Find the possible values of 
(a) the first term and (b) the common ratio. 


8 If the sum to infinity of a GP is 4 times the first term, find the common ratio. 
9 Find the sum of the first 8 terms of the GP 1, 4, 4, ... 


(a) What is the difference between this value and the sum to infinity? 
(b) Express this difference as a percentage of the sum to infinity. 
(©) Find the smallest value of n for which the sum of terms differs from the sum to 


infinity by less than 0.001. 
10 If the sum to infinity of a GP is twice the first term, find the common ratio. 


11 If the sum to infinity of the GP ¢ + e* + e° +... is 3. find the value of e. 





12 If the sum to infinity of a GP is 18 and the second term is 4, find the first term and 
the common ratio of the possible GPs. 

13 The sum to infinity of a GP whose first term is a is a*. Find the common ratio in terms 
ofa. 

14 If | +p, 1 + 3p and 1 + 4p (p #0) are the first three terms of a GP, find 
(a) the value of p, 
(b) the common ratio, 
(©) the sum to infinity of the GP. 


15 The first three terms of a GP are 2x —1,.x + 1 and x— 1 (x #0). Find the value of x 
and the sum to infinity of the GP. 
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16 A pendulum is released from the position OP (Fig.13.3) and swings freely. It swings 
through angles of 60°, 50°, 413° and so on. Find the total angle it swings through 
before coming to a halt. 





\ 
{aN 
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ag \\ 
\\ 
P \ 
ee 


Fig. 13.3 a 


17 The 3rd and 6th terms of a GP are 23 and respectively. Find 
(a) the common ratio, 
(b) the first term, 
(©) the sum to infinity of this GP. 


18 The Sth term of a GP is 2; and the sum of the 3rd and 4th terms is ¥. 
Find the possible values of (a) r and (b) the sum to infinity of this GP. 

19. What is the common ratio of a GP if the ratio of the sum to infinity to the sum of the 
first 7 terms is 128:1272 

20 1200 people visited an exhibition on its opening day. Thereafter the attendance fell 
each day by 4% of the number on the previous day. 


(a) The exhibition closed after 10 days. How many people visited it? 

(b) If it had been kept open indefinitely, what would be the maximum number of 
visitors? 

21 Anoil well produced 100 000 barrels of oil in its first year but output fell by 7% each 

year thereafter. (Give answers correct to 2 significant figures). 

(a) What is the maximum amount of oil that could be extracted? 

(b) If the well is closed down after 15 years, what was the total amount of oil 
extracted in that time? 

(c) What percentage of the maximum amount is left in the well? 


22 Find the sum to infinity of the GP 0.9, 0.09, 0.009, ... 
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23 In Fig.13.4, ABC is an isosceles triangle with AB = AC. B,, C, are the midpoints of 
AB, AC respectively. B,, C, are the midpoints of AB,, AC, respectively and so on. 





Fig, 13.4 


(a) 


Show that the areas of the triangles ABC, AB,C,, AB.C,, AB,C. 
state the common ratio of this GP. 

(b) If this sequence of triangles is continued indefinitely, find the sum of the areas 
as a fraction of the area of triangle ABC. 


form a GP and 








24 The first three terms of a GP are 1, a and b while the first three terms of an AP are 1, 
b and a where a # b # 1. Find 
(a) the value of a and of b, 
(b) the sum to infinity of the GP. 


25 (a) If each term of the GP a, ar, ar’, ... (r # 1) is squared, show that the new sequence 
is also a GP and find its sum to infinity. 
(b) If this sum is equal to the sum to infinity of the original GP, find a relation 
between a and r. 
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SUMMARY 


© Arithmetic progression (AP): a sequence a, a + d, a + 2d, ... in which the 
terms increase by a fixed amount (the common difference d). a is. the first term 
© The nth term T, =a + (n— I)d. 


© The sum of terms S, = 5 [2a + (n- 1d] 


being added. 





5(a +L) where L is the last term 





© Ifa, b,c are consecutive terms of an AP, b is the arithmetic mean of a and c, 
1 
b= x(at0). 





© Geometric progression (GP): a sequence a, ar, ar’, ... in which each term is 
multiplied by a constant (the common ratio r). a is the first term. 
ot 


; a=) _ aire 
© The sum of n terms S, = “7—F? = 


© The nth term T, 











. (Either form can be used). 





© Ifa, b,c are consecutive terms of a GP, b is the geometric mean of a and c. 
b= Vac. 


© Provided -1 <r< 1, a GP will have a sum to infinity S_ which is the limit of S, 





REVISION EXERCISE 13 (Answers on page 636.) 
A 


1 The Sth and 12th terms of an AP are 2 and 23 respectively. Find 
(a) the 9th term, (b) the sum of the first 20 terms. 


2 There are 20 terms in an AP. The sum of the first 10 terms is 5S and the sum of the last 
10 terms is 355. Find the first term and the common difference. 


3 If the 9th term of an AP is 3 times the 3rd term and the sum of the first 10 terms is 
110, find the first term and the common difference. 


4 What is the greatest number of terms of the AP 40, 45, 50, 
the total is not to exceed 500? 


which can be added if 





5 Find the sum of all the multiples of 3 between 5 and 91. 


6 Inan AP the sum of the first three terms is 12 and their product is 28. Find the possible 
values of the first term and the common difference. 


7 The numbers x + 3, Sx + 3 and 1 Lx + 3 (x # 0) are three consecutive terms of a GP. 
Find the value of x and the common ratio. 
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8 (a) The sum of the first 8 terms of an arithmetic progression is 24 and the sum of the 
first 18 terms is 90. Calculate the value of the seventh term. 
(b) A geometric progression with a positive common ratio is such that the sum of the 
first 2 terms is 17} and the third term is 43. Calculate the value of the 
common ratio. (©) 


9 (a) An arithmetic progression contains 20 terms. Given that the 8th term is 25 and 
that the sum of the last 8 terms is 404, calculate the sum of the first 8 terms. 
(b) The first term of a geometric progression exceeds the second term by 2, and the 
sum of the second and third terms is 4. 
Calculate the possible values of the first term and of the common ratio of the 
progression. Given further that all the terms of the progression are positive, 
calculate the sum to infinity. © 


10 (a) The first term of an arithmetic progression is 2. The sum of the first 8 terms is 58 
and the sum of the whole series is 325. 
Calculate (i) the common difference, (ii) the number of terms (iii) the last term. 
(b) The first three terms of a geometric progression are x + 5,.x+ 1.x. 
Calculate (i) the value of x, (ii) the common ratio, (iii) the sum to infinity. (C) 


11 (a) A length of 200 cm is divided into 25 sections whose lengths are in arithmetic 
progression. Given that the sum of the lengths of the 3 smallest sections is 

4.2 cm, find the length of the largest section. 
(b) An infinite geometric progression has a finite sum. Given that the first term is 18 
and that the sum of the first 3 terms is 38, calculate the value of (i) the common 
ratio, (ii) the sum to infinity. © 


12 Inan AP, the 15th term is double the 9th term. If also the sum of the first 15 and the 
sum of the first 9 terms added together is 279, find the first term and the common 
difference. 


13 Deliveries from a warehouse are reduced each week by 10%. In the first week 2000 
loads were taken. Assuming that this operation can continue indefinitely, find (i) the 
maximum number of loads in the warehouse. If it is decided to stop the operation as 
soon as the number of loads taken falls below 400, find (ii) the number of weeks the 
operation was in action, (iii) the total number of loads taken and (iv) the percentage 
of the maximum left in the warehouse. 


14 What percentage of the sum to infinity is the sum of 10 terms of the GP 1 + 0.8 + 
0.64 + ... ? Find the least value of n for which the sum of n terms differs from the sum 
to infinity by less than 0.1. 


15 ris the common ratio of a GP (r # 1) and the sum of the first 4 terms is 5 times the 
sum of the first 2 terms. Find the possible values of r. 
16 The positive numbers p, 6 and q are three consecutive terms of a GP. p and q are also 


the 3rd and Sth terms respectively of an AP whose common difference is 24. Find the 
possible values of p and q and the common ratio of the GP. 
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Further 
Trigonometry: 
Compound and 
Multiple Angles: 
acos 8+ 5b sin 0 


In this Chapter, we study the trigonometric functions for compound angles such as 
AB where A and B are any two angles. 

Let us consider the values of sin A, sin B and sin(A + B) where A = 60° and B = 30°. 
Is sin(A + B) =sin A + sin B? Is sin(A — B) = sin A —sin B? The answers are ‘No’ in both 
cases. We now derive suitable formulae to give the correct results. 





ADDITION FORMULAE 


I Sum of two angles A +B 

Fig.14.1 shows two angles, ZUOP = A, ZTOU = B. Then ZTOP = A + B. 

For simplicity we take OT as | unit in length. 

TP is perpendicular to OP, TU is perpendicular to OU and UR is perpendicular to TP. 


Fig. 14.1 





Now ZOSP = 90° - A = ZTSU. So ZRTU = A. 
PT =PR+RT=QU+RT 
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Now PT = 1 x sin(A + B), QU = OU sin A and RT = UT cos A. 

So sin(A + B) = OU sin A+ UT cos A. 

But OU = | x cos B and UT = I x sin B. 

Hence sin(A + B) = sin A cos B + cos A sin B @ 


This gives us a formula for sin(A + B) in terms of A and B. It is rather more complicated 
than you may have expected. 


Now we find a formula for cos(A + B). 

OP = 0Q- PQ = 0Q-RU 

OP = 1 x cos(A + B), OQ = OU cos A and RU = UT sin A. 

So cos(A + B) = OU cos A - UT sin A. 

But OU = cos B and UT = sin B. 

Hence cos(A + B) = cos A cos B - sin A sin B (ii) 


II Difference of two angles, A ~ B 

In each of (i) and (ii), change B to -B. 

Remember that sin(-B) = - sin B and that cos(-B) = cos B. 

Then sin(A - B) = sin A cos B - cos A sin B (iii) 
and cos(A ~ B) = cos A cos B + sin A sin B (iv) 
‘These four formulae are very important. Note the pattern of sin and cos in each pair to 


help you remember them. Also note carefully the reversal of the sign in the two cos 
formulae. 


sin(A + B) = sin A cos B + cos A sin B 
|A—B) =sin A cos B cos A sinB 
cos(A + B) =cos A cos B —sin A sin B 
cos(A = B) = cos A cos B + sin A B 


Addition formulae 











These formulae are identities and are true for any angles A and B. 





Example 1 
Show that cos (90° + 8) = -sin 8. 


cos(90° + @) = cos 90° cos 8 — sin 90° sin @ 
— sin 8 as cos 90° = 0 and sin 90° = 1. 
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TANGENTS OF COMPOUND ANGLES A+ B 


We can derive the formulae for tan(A + B) directly from the four formulae derived eatlier. 
= sin(A+B) _ sin A cos B+ cos A sin B 
tan(A +B) = c(A+B) ~ cos AcosB=sin Asin B 





sin AcosB | cos AsinB 
wr, SORA COB SCOR ACS: iting cach tcim by cosA con 
cos AcosB sin Asin B 


cos AcosB cos A cos B 


= tan A + tan B 
tan A tan B 








a = sin(A-B) _ sin A cos B~cos A sin B 
Similarly, tan(A~B)= —A-B) ~ cos AcosB+ain Asin B 


tan A - tan B sti 
= {ESSE er dividing each term by cos A cos B. 


‘So the two formulae for tan(A + B) are 


tan A + tan B 
T-tnAtnB" 


tan A~tan B 
T+mn AaB 


‘tan(A +B) = tan(A ~B) = 





Example 8 


Angles A and B are both obtuse angles. Given that sin A = 3; and that cos B =-3, 
(find tan(A - B). 


cos A =1- 75 = 18 socosA=-i3 





tan A — tan -4-G¢ 
Then tan(A—B)= Tis = Sen iy 


ais 











Exercise 14.1 (Answers on page 636.) 


1 Simplify 
(a) cos(A — B) —cos(A + B), 
(b) sin(A + B) ~ sin(A - B). 
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2 Prove that 
(a) sin(90° + 6) = cos 8, 
(b) cos(180° + 8) = -cos 8. 
3 Ifcos A= $ andcos B= 12 where A and B are both acute angles, find, without using 
tables or a calculator, 
(a) sin(A +B), 
(b) cos(A - B), 
(©) tan(A +B). 
4 Simplify cos @ cos(J + @) + sin @ sin(F +6). 
5 Simplify cos 40° cos x — sin 40° sin x and hence solve the equation 
cos 40° cos x ~ sin 40° sin x = 0.7 for 0° <x < 360°. 
6 Given that sin A = - & (180° < A < 270°) and that cos B = ~§ (90° < B < 180°), 
calculate (without using tables or a calculator) the value of (a) cos(A ~ B), 
(b) sin(A + B), (c) tan(A - B). 
7 Prove that tan(@ + 45°) = 1+408 | 


Given that tan(@ + 45°) = 3, find the value of tan @. 
8 Given that “%4*3) — 1. show that 2 sin A sin B = cos A cos B and that 

2 tan A = cot B. Given also that tan A = 3, find tan B and hence find tan(A — B). 
9 If A and B are acute angles such that tan A= ¢ and tan B= 3, show that A+B=45°. 
10 Find the value of sin( J + 8) cos @ ~ cos(¥ +6) sin @. 


11 Express tan(a + 8) in terms of tan & and tan B. Given that tan & = @ and 
tan(c + B) = b, find tan B in terms of a and b. Hence express tan(ot — B) in terms of 
aand b. 

















12 Solve, in the domain 0° < @ < 360°, the equations 
(a) cos(@ + 30°) = sin @ 
(b) ¥2 cos(@ ~ 45°) = 4 sin ® 
3 





(e) 2 sin(6 + 120°) 


13 Solve the equations (a) sin 50° cos x + cos 50° sin x = 1 and 
(b) tan x — tan 35° = 1 + tan x tan 35° for 0° < x < 360°. 


14 Given that cos A = 0.6 and cos B = 0.8 (A and B both acute angles), find, without 
using tables or a calculator, the value of 
(a) sin(A +B), 
(b) cos(A - B), 
(©) tan(A -B). 
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15 @ and g are acute angles where cos @ = 3 and tan ¢ = *&. Without using tables or a 
calculator, find the value of 
(a) sin(@ +9), (b) tan(@-9), (©) sec(-9), (4) coud +9). 

16 A and B are both acute angles such that cos A = }2 and tan B = 3°. Without using 
tables or calculators, find the value of 
(@) sin(A-B), (b) cos(A +B), (c) tan(A-B), (4) cot(A +B). 


17 If cos @ + cos # =p and sin 6 + sin 9 = q, by squaring each one and adding, prove that 
cos(@ - 8) = 3(p? + q?-2). 

18 If sin A sin B= } and cos A cos B= } (A and B both acute), find the values of 
cos(A + B) and cos(A — B). Using tables or a calculator, find the values of the angles 
A+B and A—B and hence. find the values of A and B. 

19 If sin @ = 2 sin(A — 0), prove that tan @ = 2884, 

Given that cos A= }, where A is an acute angle, solve the equation 

sin @ = 2 sin(A — @) for 0° < © < 360°. 

Simplify sin(A + B) - sin(A — B) and cos(A + B) — cos(A — B). 

By taking X = A + B and Y = A —B, show that 

sin X — sin ¥ = 2 sin 3(X - Y) cos 3(X + Y) and 

cos X + cos Y = 2c0s 3(X + ¥) cos 4(X - Y). 

21 The position vectors with respect to an origin O of the points A and B are 
a = cos 6i + sin @j and b = cos gi + sin aj respectively, where @ > 9. 

(a) Show by means of a diagram that the angle between OA and OB is 0-9. 
(b) Find the scalar product a.b and hence derive the formula 
cos(@ — 9) = cos 8 cos 6 + sin @ sin 9. 
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MULTIPLE ANGLES 

The addition formulae can be used to find expressions for trigonometric functions of 
multiple angles such as 2A, 4, etc. 

In the formula for sin(A + B), put B = A. 


Then sin 2A = sin A cos A + cos A sin A = 2 sin A cos A. @ 
Again, in the formula for cos(A + B), put B = A. 





‘Then cos 2A = cos A cos A ~sin A sin A = cos? A ~ sin? A (i) 
‘This can also be expressed in two other useful forms, 

cos 2A = cos? A - sin? A = cos? A — (1 - cos? A) = 2 cos? A-1 iii) 
or cos 2A = (1 sin? A) ~ sin? A = 1-2 sin? A (iv) 
Also putting B = A in the formula for tan(A + B), 

tn24= jae haoa = Teunth 


These five formulae are known as the double-angle formulae. 
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sin 2A =2 sin A cos A 
cos 2A = cos* A ~ sin? A 


Note that in these, 
=2costA—1 — }- the cos always comes 
Jee frst, sin second. 

tan 2A = 2A 


an? A 





Note that in each one, the angle on the left is double the angle appearing on the right. So, 
for example, we could have 


2sin? 2A, etc. 





sin @=2sin $ cos $ or cos 4A 
If we start with angle A on the left hand side, then the formulae become 


‘These are sometimes called the half-angle formulae. 


Also, for future use, note that 


sin? A = $(1 - cos 2A) 





3(1 + c0s 2A) 





Example 9 


Given that sin A = 4 where 0° < A < 90°, find the values of 
(a) sin 2A, (b) cos 2A, (c) cos 4A, (d) tan 2A, (e) tan 4A. 


If sin A= 4, then cos? A= 1 — 3§ and cos A = 3 (+s A is acute). 
(a) sin 2A =2sin AcosA=2x $x 3 = % 


2sin? A=1-2x 3% =-% 





(b) cos 2A 


(Either of the other two formulae for cos 2A could have been used instead.) 


(©) cos 4A =2cos?2A-1=2% A -1=-3% 
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Exercise 14.2 (Answers on page 637.) 
1 Show that sin? 9 = 30 ~cos $) and that cos? 3 = 3(1 + cos 36). 
2. Given that cos A= 5 where A is an acute angle, calculate without {using tables ora 
calculator the value of (a) sin 2A, (b) cos 2A, (c) tan 2A, (d) cos >. 


3 If cos O= $ (0° < 6 < 90°), find, without using tables or a ‘aiiages the value of 


(a) sin @ (b) sin 26 (©) cos 28 
(d) tan 20 (e) sin $ (9) cos $ 


4 If is an acute angle and cos 2 = 118, find, without using tables or a calculator, the 
value of (a) sin 8, cos 6, (c) tan 26. 

5 Given that sin 8 = 4, find, without using tables or a calculator, the value of 
(a) cos $, (b) sin % (6) cos 8. 


6 Prove that 
(a) (sin @ + cos @)? = 1 + sin 26 (b) tan O= 


(©) $2088 stan? $ 





sin 20 





+ cos 20 








(e) (2.cos @ + 1)(2 cos @- 1) =2 cos 20 + 1 
(f) cos* @ — sin @ = cos 28 
(g) cot @ ~ tan @ = 2 cot 26 


(b) cos'(% ~9) = 14828 


7 Find, without using tables or a calculator, the value of tan 26 if sin @ = 3. 








8 Iftan 20 = 4, find, without using tables or a calculator, the value of 
(a) tan ®, (b) sin 


9 Iftan 4 = 4, find, without using tables or a calculator, the value of cot A. 


10 If cos @ = p, find in terms of p, the value of (a) sin @, (b) sin $, (c) cos $, 
@ cos 28, (€) sin 20, (f) cos 40. 


11 Express each of the following as a single trigonometrical function: 


(@) sin A cos. A (b) 1-2 sin? A 
© att (@) cos? A - sin? A. 


Given that sin A = s, find the values of each one in terms of s. 


12 State each of the following as a single trigonometrical function 
(a) sin 35° cos 35° 


© ane 
(©) sin 25° cos 35° — cos 25° sin 35° 


(d) 12.50% < tan 40" 
T+ tan 50° tan 40° 


(e) 0.5 - sin? 30° 


13 Solve the equations (a) cos 26 = 3 cos @ — 2, (b) cos(28 + 30°) = sin 20, 
(©) sin( $ - 45°) = 2 cos $ for 0° < @ < 360°. 
14 Solve the equations (a) sin 2x = cos x, (b) sin 5 = cos x, for 0° < x < 360°. 
15 Convert the equation 3 cos 26 = cos @ — 1 into a quadratic equation in cos @ and hence 
find the solutions of the equation for ° < @ < 360°. 
16 By writing 3A as 2A + A, show that 
(a) sin 3A =3 sin A-4 sin’ A, and 
(b) cos 3A = 4 cos? A-3.cos A. 
Using (b), solve the equation cos 3A = cos 2A for 0° < A < 360°. 
17 Show that cos? A + 2 sin? A = }(3 - cos 2A) 
Given that tan B = 2 tan A, show that tan(B - A) = 58224, . 
Given also that sin 2A = 3, find the size of the angle B — A. 




















1-cos2A _ _sin’ A 
18 Show that 3c 2k = Teco A* 
5 1-cos2A _ 
Given that 1=2%24 = 1, find the values of A for 0° < A < 180°, 


THE FUNCTION acos 6 + bsin 0 


This function occurs frequently and we now show how it can be converted to one of the 
forms R sin(@ + @) or R cos(@ + ot) where the constant R and the angle ot have to be found. 





Example 13 


Convert 3 cos 6 +4 sin 0 into (a) R sin(@ + @), (b) R cos (8 — @) by finding the 
necessary values of R and a. 


(a) R sin(® + a) = R sin 8 cos a + R cos 8 sin & 
and this must be identical to 4 sin @ + 3 cos ® matching the terms with sin @ and 
cos 8. 


Hence R cos a = 4 
and R sin @ = 3. 


‘Squaring each one and then adding, 
R? (cos? a. + sin? @) = R? = 3? + 4? = 25. 
Therefore R = 5 (the + value is always taken for R). 


Rsina 
Also Fane 


both +). 
Hence 3 cos @ +4 sin @ = 5 sin(8 + 36.87°). 








= tan &= | so @ = 36.87° (acute value taken as sin 0 and cos 0. are 
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Example 15 


Express 5 sin @~ 12 cos 8 in the form R sin(® - @). 
Hence find the values of 8 (0° < @ < 360°) for which the expression has a maximum 
or minimum value. 
R sin(@ - a) sin @ cos & —R cos 6 sin a 
Ssin 8 - 12cos® 


Hence R cos & = 5 and R sin & = 12. 


Verify that R = 13 and a = 67.38° 
Hence 5 sin @ - 12 cos 6 = 13 sin(® — 67.38°). 


The maximum value is 13 when @ - 67.38° ie. 157.38°. 
The minimum value is -13 when @ — 67.38' .O= 





Exercise 14.3 (Answers on page 637.) 


1 Express the following functions of @ in the form stated: 
(a) 4 cos @ +3 sin @: R cos(@ - a) 
(b) 5 sin 6 + 12 cos @: R sin(@ + @) 
(©) 2.cos @ ~3 sin 6: R cos(8 + a) 
(@) 2. V2 sin 6 —cos @: R sin(@ - a) 
(©) 2cos 6 + VS sin 6: R sin(® + a) 


2 Using the results in Question 1, find the maximum and minimum values of the 
functions and the values of @ where these occur for 0° < 6 < 360°. 


3 Express 3 cos 20 — 4 sin 26 in the form R cos(2@ + a). Hence find the values of @ 
(0° s © < 360°) for which the expression has a maximum or minimum value. 








4 By converting the expression V7 sin $ + V2 cos into the form R sin( $ +), find 
the values of @ between 0° and 360° for which the expression has a maximum or a 
minimum value. 


5 Express V5 sin @ + 2 cos @ in the form R sin(® + a). Hence sketch the graph of 


= V5 sin @ +2 cos @ for 0° < @ $ 360°. State the value of a for which 3 cos(@ - a) 
will have the same graph. 


12 Ifsinx=-}3 and 270° <x < 360°, calculate without using tables or a calculator, the 
values of (a) cos 2x, (b) sin 2x. 


13 (a) Find all the angles between 0° and 360° which satisfy the equation 
4cos 8 +2 sin @=1. 
(b) Given that S84*2 = 3. prove that cos A cos B = 7 sin A sin B and deduce 


a relationship between tan A and tan B. Given further that A + B = 45°, calculate 
the value of tan A + tan B. (©) 





14 (a) Find the maximum and minimum values of V5 cos @ +2 sin @ and the values of 
@ where they occur. 
(6) Solve the equation sin 2a + cos 20 = J for 0° < a < 360°, 
¥ 


15 (a) Convert the expression V2 sin x + V7 cos x to the form R sin(x + a) where 
R > O and @ is acute. Hence sketch the graph of y = V2 sin x + V7 cos x for 
0 sx < 360°, 
(b) Solve the equation V7 cos x + ¥2 sin x = 2 for that domain, 
16 Find all the values of x between 0° and 360° which are solutions of the equation 
3 tan 2x -2 cot.x=0. 


17 Given that tan 30° = t and that tan 45° = 1, calculate, without using tables or a 
calculator, the values of (a) tan 150°, (b) tan 15°, (c) tan 75°. 
18 If sin(® + 9) = 2 sin(® — 9), prove that tan @ = 3 tan 9. Given that tan ¢ 


without using tables or a calculator, the values of (a) tan @, (b) cosec , (c) cos 9, 
(d) tan(@ + 9), where @ and ¢ are both acute angles. 





19 If A, B and C are the angles of a triangle and tan A = 2, tan B = 3, find the value of 
tan C without using tables or a calculator. 

20 If = tan 8 (¢# +1), show that sin 20 = 725 and cos 20 = 1=4. 

1 

Br 





Given that sec 20 + tan 26 = k, prove that ¢ 


21 A and B are both acute angles. Given that tan A + tan B = 3x and that 
tan A tn B = 2x find, in terms of x 
(a) tan A —tan B, 
(b) tan(A +B), 
(©) tan(A -B). 
(d) Hence solve the simultaneous equations tan A + tan B = 3, tan A tan B = 2. 


22 Solve for 0° < 0 < 360°, the equation 1=£05 28+ sin 20 


T+ 00s 26 
23 Given that A ~B = §, show that 1 + tan A tan B= 0. 
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Exponential 
and Logarithmic 
Functions 


In this chapter, we study functions such as 3* where x is an index or exponent. Hence 3° 
is called an exponential function and 3 is the base of the function. 
First, here is a revision check on the rules for working with indices. 


RULES FOR INDICES 


The three basic rules are: 


Tox xxta xn ‘When multiplying exponential functions 
with the same base, ADD the indices. 
Woe When dividing exponential functions with 
the same base, SUBTRACT the indices. 
MM Gy" =" If an exponential function is raised to 


another power, MULTIPLY the indices. 

Using these rules we can deduce that x° = 1 (x# 0) and that." = 3 (x#0). A negative 
index gives the reciprocal of the function. 
Fractional indices 
We can also find a meaning for fractional indices. For example 
(93) =93*7=9! =9, S09! = VO =3. 
In general, x* = Vx. 
Further, 27) = (271) 
In general, x* = (Vx)". 








(V27y = BF =9. 
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Example 1 
Find the values of (a) 100: (b) 3273. 
(@) 100! = (V100) = (10) = 1000 


get er ete! 
) 32% = 57 = Gp tate 








Example 2 


Show that (a) 32°! = $b) De! x Bel = gel 
(a) tas xs = Gx f= F 
(b) 261 x Bt = 2 x (DIF 

= Ot x D3 

= 207 = Qa = geet 











Exercise 15.1 (Answers on page 638.) 
1 Find the value of: 





(@) 8° ) 4 © Br 
@ 8! © 8 3 
(@) 16 a wy? 
2. Show that 
(a) 27 () 16 = 4% (©) BM =8x4" 








(@) 2 () 4 () S'x 25" = 5 


3 Simplify (a) 2x4", (b) 274 +93, (©) 81 x4 
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EXPONENTIAL EQUATIONS 


An equation such as 3* = 81 is an exponential equation. The unknown (x) is the 
exponent. We can solve such equations by expressing both sides in terms of the same 
base, Sometimes this can be done directly. If not, a more general method using loga- 
rithms can be used. This will be shown later. 
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Example 6 


Solve the equation 2* + 2!~* = 3. 





The equation is 2° +2! x 2*=3 ie. 2+ 2 
Take p = 2 

The equation becomes p + 3 = 3 i.e. p?-3p +2=0. 
Then (p - 2\p ~ 1) = O and p = 2 or 1. 

Then 2° =2=2! and x= 1 or 2*=1=2° and x= 0. 


The solutions are x = | or 0. 








Example 7 
Solve the simultaneous equations 
¥xo=1 


and mxg= th 


Then 3 x (3° = 3° 
sox+2y=0 

Similarly, each term of equation (ji) can be expressed as a power of 2. 
Then 22 x (22y = 29 

so 2x + 2y=-3 





Solving equations (iii) and (iv), we obtain x = -3, y 





In equation (i), we see that each term can be expressed as a power of 3. 


w 
di) 


(iii) 


(iv) 





Exercise 15.2 (Answers on page 638.) 


1 Solve tlie following equations: 











(@) 2564 (b) 5*= 125 
fo) 5 @) 

(©) 16° =0.125 

@) = (hy) 2*- 92) +8=0 
(i) 3*- 1239 +27=0 @ S841 = 265") 

(k) 2+! 129(2') + 64=0 @) 3%" + 263)-9=0 
(m) 2" — 15(2) = 8 (n) 24+2=5 





(0) 2" +15 (p) #1 = 283") 4+1=0 


2 Show that the equation 2* + 3(2'*') + 8 = 0 has no solutions. 
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Conversely, if log, 10 = 4, then 10 = x¢ 
if log, x= 5, then x= 3°. 





Example 8 
Write in logarithmic form: (a) 3° = 9, (b) x' = 10. (c) 2 = 4, 


(a) If 3° = 9, then log,9 = 2. 
(b) If x! = 10, then log, 10 = 3. 


(©) If2= } then log, ( 4) =~ 2. (Logarithms can be negative) 








Example 9 
Write in exponential form: (a) 4 = log, x, (b) x = log, 7, (c) 2 = log, 5. 





) 
(©) 2=log, 5 becomes x* = 5 








Example 10 
Find the value of x if (a) x = log, 64, (b) log, 25 = 2, (c) x = log, (4), (d) log, x = 4. 


(a) If.x = log, 64, then 2* = 64 and x = 6 (as 64 = 24). 
(b) If log, 25 = 2, then x? = 25 and x = 5 (+ as base must be positive). 


(©) If.x= log, ($), then 3° = } = 34 and x=—1. 
(@) Hflog, x= 4, then 3¢=x= 81. 














Exercise 15.4 (Answers on page 638.) 
1 Write in logarithmic form: 








(a) #=16 (b) 3 =81 (c) 10° = 1000 

(d) 10° = 0.001 © 4 () v= 

(g) 7 =21 (hb) xt @) 10" ). 

G) B= 64 (k) 4°=9 @ x=03 
2 Write the following in exponential form and hence find the value of x: 

(a) x= log, 16 (b) x= log, 27 

(©) x= log, 64 @) x=log,(;) 

(e) x=log,, 0.001 () x= logy 4 

(®) x= log, (4) (h) log, 625 = x- 

() x=10g,(4) @ x= log, 169 

(k) x= logy 13 
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3 Find the value of: 







(a) log, 5 (b) log, 64 
(d) log, 1 (©) log, 16 
(g) log, 3 (h) log, p? 
@ log, 8 (k) log, 8 
(m) log, x (») tog, (x) 
4 Find the value of x if: 
(a) log, 9 =2 (b) log, x= 
(c) log, 125 =3 (d) log, , , 2 
(©) log, (x-2)=3 (log, 36 
(g) log, 81=4 (h) log, x= 
(i) log. 3=1 Glog, = 2) = 
(k) log, 64 = 3 


The Graph of the Logarithmic Function 


As the logarithmic functi 
its graph by reflecting y 





in the line 





Fig.15.3 


Note the following: 
(1) log, 1 = 0. This follows because a? = 1. 


(©) log, 1 
(0 log, 243 


(log, 
() tog, 16 
©) log, (4) 


4 


isthe inverse of the exponential function y= a, we can obtain 





(2) log, x is not defined if x < 0. The logarithm of a negative number does not exist. 
(3) If0 <x < 1, log, x <0. The logarithm of a positive number < | is always negative. 


(4) log, 0 is undefined. 
(5) As-x increases, log, x increases. 
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Rules for Logarithms 


‘These are similar to the rules for indices. 


Let P = a”. Then m = log, P. 
Let Q = a". Then n= log, Q. 


1 PQ=a"xa"=a"™" 


Then log, PQ = m + n= log, P + log, Q. 


log, PQ = log, P+ log, 
For example, log, 12 = log, (4 x 3) = log, 4 + log, 3. 
Note: Do NOT write log, (P + Q) = log, P + log, Q. This is not true. 
of Lape 
aor a, 
z 
@ 


Then log, & =m—n=log, P -log, Q. 


log,  =log, P ~ log, O 
For example, log, 3 = log, 12 - log, 4. 
Note: This rule does NOT apply to 7zE+4 which is the division of two logarithms. 
MP s(n =a 
Then log, P* = mn = n log, P 
log, Pr 3 nog, P 

F 3 = Vi=tog, 3!= 4 

‘or example, log, 2° = 3 log, 2 and log, V3 = log, 3! = Slog, 3. 
Two Special Logarithms 

1 For any base, a? = 1. Hence 

log, 1=0 


The logarithm of 1 is always 0. 


2 a' =a. Hence 


log,a=1 
‘The logarithm of the base is always 1. 
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Example 11 

Simplify (a) log, 49, (b) log, (5). 

(a) log, 49 = log, 7 = 2 log, 7 = 2 as log, 7 = 1 

(b) log, ( $) =log, 1 —log, 9 = 0~ log, # 
log, 


=2 








Example 12 
Simplify log, 9 + log, 21 — log, 7. 
log, 9 + log, 21 — log, 7 = log, (9 x 21 + 7) = log, 27 = log, 3° = 3 log, 3 








Example 13 
Given that log, 2 = 0.431 and log, 3 = 0.683, find the value of 
(a) log, 6, (b) log, 15, (c) log,8, (d) log, 12, (e) log, #5. 
We must express each in terms of powers of 2 and 3. 

(a) log, 6 = log, (3 x 2) = log, 3 + log, 2 = 1.114 

(b) log, 1.5 = log, (3) =log, 3 — log, 2 = 0.252 

(©) log, 8 = log, 2 = 3 log, 2 = 1.293 

(6) log, 12 = log, (4 x 3) = log, 4 + log, 3 





log, 2? + log, 3 
log, 2 + log, 3 = 1.545 
(©) log, 7g = log, 1 — log, 18 = 0 log, (9 x 2) 
= log, 9 - log, 2 
= -log, 3? — log, 2 
= ~2 log, 3 — log, 2 
(With. practice, some of these steps could be omitted). 

















Example 14 
Given that log, x = p and log, y = q, express 
(a) log, x7, (b) log, - (c) log, V =e in terms of p and q. 


(a) log, 1)? = log, x + log, y? = log, x + 2 log, y= p + 29 
(b) log, 4 = log, x~ log, »° = log, x~ 3 log, y= p - 34 
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Example 17 
(a) If log, p = x and log, q = y, express py and © as powers of 2. 
(b) If also p'q = 16 and $ = {5--find the values of x and y. 
(a) First, we express p and q as powers of 2. 
If log, p = x, then p = 2. 
If log, q = y, then g = 4" = (229 
pq = (29? x (2%) = 2 
(b) If pq = 2 = 16 = 24, 








then 2x + 2y=4 

orx+y=2 w 
2 lowed 

If 223 

then x 4y =-5 Gi) 


Solving equations (i) and (ii), «= 3 and y= 








Example 18 


Find the value of x if log, x, log, (x +3) and log, (x +12) are three consecutive terms 
of an AP. 


As the terms are consecutive, log, x + log, (x + 12) = 2 log, (x + 3). 
Then log, x(x + 12) = log, (x + 3)? ie. x(x + 12) = r+ 3? 

which gives x7 + 12x =27 + 6x +9 or 6x =9. 

Hence x= 1}, 











Exercise 15.5 (Answers on page 639.) 

1 Taking scales of 2 cm for 1 unit on each ax‘ 
-2. $x$ 2. Add the line y = x. By reflecting y 
y= log, xfor }Sxs4. 

From your graph, find approximate values for (a) log, 1.5, (b) tog, 3. 


draw the graph of y = 2* for 
2 in this line, draw the graph of 






2 Simplify: 
(a) log, V2 (b) log, 36 
(©) log, 27 (d) log, 25 
(e) log, 125 (f) log, 10 000 
(g) log, 121 (h) log, x 
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(i) log, 12.5 + log, 10 Gj) 2 log, 9 - log, 81 





(k) log, 24 + log, 15 - log, 10 (I) log, 98 log, 30 + log, 15 
Jog, 
(mn) log, V6 + log, 9 © ie 
(0) log, 8 (p) log, 81 
(q) log, 5° () log, 4° 
(8) log, V10 (log, 10 
3 Given that log, 4 = 1.262 and that log, 5 = 1.465, find the values of: 
(a) log, 20 (b) log, 0.8 (©) log, 1.25 
(d) log, 100 (©) log, 64 (f) log, 80 
(g) log, 6.25 (h) log, 15 (i) log, 0.25 
4 Given that log, 2 = 0.356 and log, 3 = 0.565, find the values of 
(a) log, 6 (b) log, 9 (©) log, 18 
(d) log, 24 (©) log, 4.5 (log, 3 
(g) log, V3 (h) log, 14 (i) log, 42 
@ tog, } (hy log, 43 


5 If log, x° + log, x = 8, find the value of x. 
6 If log, x =a and log, y = b express (a) xy", (b) $= in terms of a and b. 


7 If log, x = p and log, y = q, express (a) log, 2°y, (b) log, Vay, (c) log, *, (d) log, 3 
in terms of p and q. . 


8 Find y if log, y = 2 log, 7. 
9 If log, p — log, 4 = 2, find the value of p. 
10 Given that log, 8 + log, 4 = 5, find the value of x. 
11 Given that log, x = p and log, y = q, express (a) x°y, (b) J= as powers of 3. 


12 Given that log, 4 = p and log, 5 = q, find the value of x if (a) log, x = p + 2g, 
(b) log, x= 2p-q+2. 


13 log, x= a and log, y = b. Express x°y and © as powers of 2. 
Given also that xy = 32 and that 4° = }, find the values of a and b. 


14 Given that log,, 2 = / and log,, 7 = &, find the value of x if (a) log,, «= 2h + k, 
(b) log, x= 3h -k +1. 


15 If log,, x = a and log,, y = b, express log,, AS in terms of a and b. 


16 Given that log, x°y =p and that log, (#) =, find log, x and log, y in terms of p and 
and hence express log, xy in terms of p and q. 


17 If log, x = p, show that log, x = 2p. Hence find (a) the value of k if 
log, k= 2 + log, k and (b) the value of n if log, n + log, n = 9. 
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18 Solve the equations 
(a) 2 log, x= log, (2x + 3) 
(b) 3 log, x = log, (3x - 2) 
(c) log, G2 + 2) = 1 + log, (x + 2) 
(d) log, (2 + 8x - 1) = 2 + log, (x- 1) 
(e) log, (2x7 + 3x +5) =3 + log, (x + 1) 
(f) log, (x + 17) = 2 log, (x 3) 
(g) log, (x? —x +2) = 1 +2 log, x 
(h) log, x = I — log, (x 4) 





19 (a) If log, b = x, deduce that x log, a= 1 and hence show that log, b= EG. 
(b) Find log, 8 and hence state the value of log, 2. e 

20 If log, x, log, y and log, z are three consecutive terms of an AP, show that x, y and z 
are consecutive terms of a GP. 


Common Logarithms 


For practical calculation, base 10 is used and logarithms on this base are called common 
logarithms. These are written as Ig x, which is an abbreviation for log,, x. 10 is chosen 
as it is the base of the decimal system of numbers. 

To see the advantage of base 10, suppose we know that Ig 5.6 = 0.748. Then Ig 560 = 
Ig 5.6 x 10? = Ig 5.6 + 2 Ig 10 = 0.748 + 2 = 2.748 (as Ig 10 = 1). The decimal part .748 
is unchanged. Similarly Ig 5600 would be 3.748. On any other base the logarithms of 
these numbers would be quite different. 

Tables of common logarithms are available but they can be found directly using the 
LOG (or LG) key on a calculator. 

There is another system of logarithms, called natural logarithms, written as In x, 
which is used in Calculus. The base of natural logarithms is a certain number e (= 2.718). 
We shall see the reason for this in Chapter 18. 





Logarithmic Equations 





Example 19 
Find log, 7. 
If log, 7 = x, then:2 





2 


We cannot express 7 as a power of 2 directly so we convert this equation to a 
logarithmic equation using logarithms of base 10. 


Take the Ig of each side. 

Then Ig 2‘ = Ig 7. 

Hence x Ig 2= 1g 7 and so x = 25 
= 2.81 (by calculator correct to 3 sig. figs.) 
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Hence log, 7 = 2.81. 
(Verify the result by using the x function on the calculator). 








Example 20 
Find x if 3°! = 2", 

Convert to a logarithmic equation. Take the Ig of each side. 
Then Ig 3°" =Ig 2"! ie. (x-1) Ig 3=(r+ 1) Ig2. 

Now solve for x. We do not find Ig 2, Ig 3 yet. 

i Sle 2s 62 tle 2 nik aie nig — Ig 2)=Ig3 +1g2 
ie alg } =Ig 6 orx= (BS = 4.42 by calculator. 

(Note: The right hand side is NOT Ig ;§). 

















Example 21 
Find x if log, 6 = 1.5. 
If log, 6 = 1.5, then x'5 = 6. 
Taking the Ig of each side, 

15 Ig.x=lg 6 and Igx= LE = 0.5188 (by calculator). 
Hence x = 10°5" 





.30 by calculator, using the x” function. 











Example 22 


In Example 19, Chapter 13 we found the least value of n where 0.9°~-' < 0.4. This can 
also be done using logarithms. 


Ig 0.9"'< Ig 0.4 i.e. (n- 1) 1g 0.9 < 1g 0.4. 


However we cannot now write n= 1 < ee as log 0.9 < 0 and so the inequality sign 
must be reversed. (Division by a negative vguantity), 


Son-1> i= = 8.696 by calculator 


and hence n > 9.696 and we take the integral value n = 10. 





Note:To solve an inequality, if an integral result is required, the calculator method 
(using «°) as in Chapter 13, is very suitable and quick. However to solve an equation 
such as 0.9'=0.4, the logarithmic method must be used. Here x = 8.70 (to 3 significant 
figures). 
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Example 25 

Show that log, b = £2. Hence find the value of log, 5 x log,, 4 X log, 11. 

Let log, & = x. Then a" = b. Now take the Ig of each side and 
xiga=lgbsox= #2, 

Using this result, 


5 ig4 ig it 
log, 5 x log,, 4 x log, 11 = 25 x nx 











Exercise 15.6 (Answers on page 639.) 
Give answers correct to 3 significant figures if not exact. 
1 Find the value of x if 





(b) 2"1= 
(©) Bet=3 
hy) 5 

(k) 0.6" = 0.4 





2 Calculate log, 5 and log, 7. 
3 If log, 3 = 17, find the value of x. 
I 


4 What is the least number of terms of the GP 3, 4, 48, ... that can be added for their 
sum to be greater than 90? 


5 If the sum of n terms of the GP 8, 12, 18,... is not to exceed 500, what is the largest 
value of n? 


6 Find the least integral value of x if (a) 1.8°-' > 47, (b) 0.75* < 0.15. 








7 In how many years will $3000 invested at 5% per year compound interest amount to 
$5000? 

8 After how many years will $9000 amount to $20 000 if itis invested at 4.5% per year 
compound interest? 

9 Given that P = 50(0.75), find (a) the value of P when n = 4, (b) the value of n when 
P=10. 


10 The population of a city in 1980 was 3 200 000 and this was an increase of 1.7% over 
the population in 1979. If this rate of increase is continued, in what year will the 
Population first exceed 5 000 000? 


11 The decay of a radioactive substance is given by the formula M = M, ¢°™ where M, 
is the initial mass, M the mass after ¢ years and e = 2.718. Calculate the half-life of the 
substance, i.e, the number of years taken for the mass to be halved. 
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12 Find the value of log, 49 x log, 9 x log, 5. 
13 Find the value of log, 9 x log, 7 x log, 2 x log, 25. 
14 If log, 8 x log, x = 3, find the value of x. 


15 Given that lg y= 1 ~3 Ig x, show that y can be expressed in the form y = pa’ and find 
the values of p and q. 


16 Show that Ig 7 = -1. Hence find the values of x which satisfy the equation 
Ig(sin x) + 1 = 0 for 0° <x < 180°, 


17 (a) Solve the equation log, 2.5 = 8. 
(b) Find the value of x if x°2 = 10. 


18 Find x if log, 12 = 5. 


19 y = ax’ - 2. Given that y = 6 when x = 2 and y = 22 when x = 4, find the values of 
aand b. 


SUMMARY 


© Rules for indices: 





© Negative index: x" = 
Zero index: x° = 1 
Fractional index: x7 = (Wx)" 


© Exponential form y=a <——> x 





log, y logarithmic form 


(a>0) a is the base of the logarithm 


Fig.15.4 
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ig = 
13 IT =T,e*%, show that r=2( 22), 
Wge 


Hence find the value of ¢ given that ¢ = 2.72, T, = 30 and T = 10. 


14 If log, (x - 6) = 2y and log, (x - 7) = 3y, show that x2 — 13x + 42 = 72”, Given that 
y= I, find the possible value(s) of x. 


15 Find the relation between a and 6 not involving logarithms if log, a = 2 + log, b. 


16 $2000 is invested at 5% per year compound interest. After how many years will it 
have amounted to $3500? 


17 Inflation in a certain country is 15% per year. If this rate continues unchanged, after 
how many years will the cost of living have doubled? 


18 Draw the graph of y= 2* for 0 <.x $3 taking values of x at intervals of 0.5. By adding 
a suitable straight line to your graph, find an approximate solution of the equation 
Whexad, 

19 Sketch the graphs of y = Ig x and y = Ig 10x. State the coordinates of the points where 
each curve meets the x-axis. 





20 (a) Draw the graph of y = 2' for 0 <x <2 taking scales of 2 cm for 1 unit on each 
axis. Add the line y =.x and hence draw the graph of y = log, x for 1 <x <4. 
(b) Calculate the value of log, 6. 
(c) Express x2* = 6 in the form log, x = px + q stating the values of p and q. 
(4) What is the equation of the straight line that must be added to the graph to find 
the solution of the equation x2* = 6? 
(©) Draw this line and hence solve the equation approximately. 


21 (a) Solve the equations (i) 2 x 4"! = 16%, (ii) log, y* = 4 + log, (y + 5). 
(b) Given that y = ax* + 3, that y = 4.4 when x= 10 and y = 12.8 when x = 100, find 
the values of n and of a. © 


22 Solve the equation Ig (cos* x) + 2 = 0 for 0° < x < 360°. 


23 Show that the sequence Ig k, Ig 10k, Ig 100k,... forms an AP and find the sum of the 
first 10 terms of this AP. 














B 

24 Solve the simultaneous equations log, x — log, y = 4, log, (x - 2y) = 5. 
25 Solve the simultaneous equations 9 = 27", 64° = $12", 

26 If log, 2 = @ and log, 13 = b, express log,, 52 in terms of a and b. 

27 Solve the inequality log, (log, x) > 0. 


28 Given that log, (p +2) + log, q =r + and that log, (p - 2) - log, q = 2r + 1, show 
that p? = 4 + 32, If r= 1, find the possible values of p and q. 


Conversion 
to Linear Form ] 6 


In science, when two variables.x and y are thought to be connected, a set of measurements 
is made, The results can be used to find the mathematical law connecting x and y — if 
there is one, When the law is found, it can be used to predict further values and these can 
be tested by other experiments to see if the law is still valid. 

Usually the results are plotted as a graph. If this is a straight line, the relationship is 
easily deduced as it will be of the form y = mx + c, and m and ¢ can be found from the 
graph. 

However if the graph is not a straight line, the relationship will not be so simple. A trial 
formula is therefore guessed. We convert this formula to a linear form and see if the 
transformed values lie on a straight line graph. If they do, then we can confirm that the 
formula is true for these values, allowing for experimental errors. 

‘Two very common relationships are y = ab* and y = ax? where a and b are constants. 





Example 1 


The following set of measurements of two variables x and y were obtained in an 
experiment. It is thought that they are related by the formula y = ab. By converting 
this to a linear form, find whether the relationship is true for these values. 








x | 15 | 28 | 30 | 42 | 50 | 65 
y 80 35 33 18 10 6 



































If the formula is y = abr’, then taking the Ig of each side, Ig y 





Iga—xigb. 
Now write ¥ = Ig y. 


Then ¥ = -x Ig b + Ig a, which is a linear equation of the form Y = mx + c, where 
m=-lg band c=lga. 


So we plot values of ¥ (= Ig y) against x. 
First we find the values of ¥. 





x us | 28 [30 [42 | so | 6s 
yeigy) | 190 | usa | 152 | 126 | 1 | 078 
































‘These values are plotted as shown in Fig.16.1. We see that the points lie very nearly 
in a straight line. Any inaccuracies can reasonably be assumed to be due to experimen- 
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tal errors. We draw the line which fits the points as well as we can judge. There may 
be some difference of opinion over the position of the line, so our results will be 
approximate. 



















































































Fig. 16.1 


Now find the gradient by taking two well spaced points such as A and B on the line, 
It helps to make the x-step between these points a convenient number. The gradient 
=15 
= 5 =-025. 
6 


Then -Ig b = 





.25 and b = 1.8, 


To find c = Ig a, extend the line to cut the Y-axis (point C). 
Then Ig a = 2.3 giving a = 200. 


Hence we find that the law relating these values is y = 200 x 1.8". 














Example 2 


The following set of values for two variables x and y was obtained in an experiment. 
It is believed that they are related by the formula y = ax*. By converting to a linear 
‘form, estimate the values of a and b, From your graph, estimate the value of x for 
which y = 2000 and compare with the value found using the formula. 





20 30 40 50 
890 | 1640 | 2500 | 3700 
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If the formula is y = ax’, then taking the Ig of each side, Ig y= Ig a + b Ig x. 
We write ¥ = Ig y and X = Ig x. 


‘Then ¥ = bX + Ig a which is a linear equation of the form y = mux +c where 
m=bandc='lga. 


If we plot values of ¥ (= Ig y) and X (= Ig x) and the graph is a straight line, then the 
relationship is correct. 


Now find the values of X (= Ig x) and ¥ (= Ig y). 


x | 130 | 148 | 1.60 | 1.70 | 


fF 2.95 | 3.21 | 3.40 | 3.57 














These are plotted as shown in Fig. 16.2. To allow space for large scales, we take X from 
1.3 and ¥ from 2.9. 
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Example 5 


Fig.16.7 shows the straight line obtained by plotting Ig y against lg x. 
Find 

(a) Ig y in terms of Ig x, ly 

(b) yin terms of x, 

(c) the value of x when y = 700. (04) 


(6.2) 


> 
Fig. 16.7 


The gradient of the line = <2 =~4 and the intercept on the Ig y axis is 4. Hence 
the equation of the line is Ig y 





a) 


} Ig.x +4 which is the expression required. 





(b) 


From (a), Ig y =~} Igx+4ie.3lgy+lgx= 12. 
Then Ig y'x = Ig 10” giving y'x = 10" or y= 12°, 


Hence y = = 10%}. 


ale 


(©) If y = 700, then 700 = 10 00x" and xi = 10 


Hence x = 2915. 








Example 6 


Convert each of the following relations (0 a linear form and state what functions of x 
and y should be ploted to obtain a straight line graph. State also the gradient and 
intercept of the straight line in terms of a and b. 


(a g+2 =2 (b) y=ax+2 (c) Y=a+ bx 
(d) y= fe) y=a(I.5y*  ysalx+3yP 








en 





(a) Take X= !,¥ =. Then aX + bY =2ie. ¥=-$X+ 
Plot ¥ against X. Gradi E 
(b) Ify=ax+ 2, then xy = ax +b, Take X =.8, Y =a. 





§. intercept = 


This gives the linear equation ¥ = aX +b, Plot ¥ against X. 
Gradient = a, intercept = b. 
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(c) Take ¥ = y*. Then ¥ = bx + a. Plot Y against x. Gradient = b, intercept = a. 

(d) xy - by = a s0 by = xy a or y = 5x) - 5. Plot y against X= xy. 
Gradient = }, intercept = - $. 

(©) y=a(1.5)™. Then Ig y = Ig a-~ bx log 1.5. Take Y = Ig y then 
Y =~(b Ig 1.5)x + Ig a. Plot ¥ against x. Gradient = -b Ig 1.5 and 
intercept = Ig a. 





() y=a(x-+ 3), Then Ig y= Ig a+b g(x + 3). Take ¥ = Ig y and X = Ig(x + 3). Plot 
Y against X. Gradient = b and intercept = Ig a. 





Exercise 16.1 (Answers on page 640.) 


1 A set of values of x and y are believed to be connected by the equation y = ab* where 
@ and b are constants. Values of x and Ig y are plotted and the graph is a straight line 
with gradient 0.47 and intercept ~0.65. Find the value of a and of 6 correct to 2 
significant figures. 

2 A graph of lg y against Ig x gives a straight line with gradient 3 and intercept 1.3. Find 
y in terms of x. 


3 Fig. 16.8 shows the graph of Ig y against Ig x, where y = ax’. Find the value of a and 
of b. 
‘oy 


(0.2) 


Fig. 16.8 ° (50) 9% 


4 Covert the equation by = ax* +x into the linear form ¥ = mX + c, stating X and ¥ in 
terms of x and y. ¥ is plotted against X and the graph has a gradient of 2.3 with 
intercept 0.5. Find the value of a and of b. 


5 The following results were obtained experimentally for two variables x and y: 





rJi1t2[3 [4 [s | 
y | 42 | 120 | 430 | 920 2600 | 


























Itis believed that x and y are related by the equation y = ab‘. By drawing a straight line 
graph, verify this is confirmed by the given data, except for one point. Using your 
graph estimate the value of a and of b and calculate a more accurate value of y for the 
point which did not fit. 
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6 The variables x and y are related in such a way that when —1 js plotted against y, 


a straight line is obtained, passing through the points (1, 5) and (3, 11) (Fig. 16.9). 
Find y in terms of x. 





Fig. 16.9 


7 Itis believed that two variables u and v are related by the equation uv? = av + b, where 
a and b are constants. 
A set of values of u and v was obtained, as in the following table: 





vfi}2};s]8 








u {12} 3.5 | 08 | 041 





By plotting w against v, verify that these values satisfy the equation and find 
approximate values for a and b. 


8 Two variables x & y are connected by the equation y = a¥x + -%. Given the 
re 
following values of x and y, show how a straight line graph may be drawn 





x} 1] 2}3]4]5 


y | 6.5 | 6.01] 6.06 | 6.25 | 6.48 











Draw this graph and from it, estimate the value of a and of b. 


© 


The following set of values of x and y obtained in an experiment are thought to be 


connected by the equation § - 4 = 1, 





x] 15 |)2/34)] 5 
y | 055) 1) 25) 47 


























: Explain how a straight line graph may be obtained and draw this graph for these 
values. From your graph, estimate the value of p and of q. 


378 


10 The following table gives a set of related values of x and y: 





x [12s] 2]25]3 
yfwfufs]s fa 


























xand y are known to be related by the equation x°y = p + gx", Convert this equation 
to linear form and draw a graph for the given values of x and y. Using the graph, find 
approximate values for p and q. 


SUMMARY 

© Ify=ar,lgy=bigx+iga 
Linear form ¥ = bX + Ig a 
where ¥ = Igy, X= Ig. 









Fig. 16.10 
© Ify=ab' Ig y=xlg b) +120 
Linear form ¥ = (Ig b)x + Ig. @ 
gradient 
where Y= es 
Fig. 16.11 x 


© Other relationships can also be converted to linear form, e.g. 


a,b Mey ety t rat 
24% =1 gives ¥=—- 5X+ 4 where ¥=1.X 








+ where Y= 


ay? = bet xgives © = ort 


REVISION EXERCISE 16 (Answers on page 640.) 


n the following table: 





1 Corresponding values of x and y are showin; 








22 [30 [33 [au 

















y [7 





Itis known that x and y are related by the equation y* =a + bx. Show that a linear 
equation can be derived from this and draw its graph for the above values. Hence 
estimate the value of a and of b and estimate the smallest possible value of x. 


379 





2iar Fig. 16 12 shows part of the ste 
of the points on the line ar 





1 ling obtained by plotting y 
en Find yin terms of 








(4,69) 


Fig. 16.12 





(b) Ig y is plotted against Ig x and a straight line obtained, part of which is shown in 
Fig. 16.13. Two of the points on the line are given. Express y in terms of x. 


foy 


14) 


Fig. 16.13 2-8) 


(©) If variables x and y are connected by the equation ax*— y* = bx (a and b constants) 
explain how the value of a and of 6 can be obtained from a straight line graph. 


3 Measured values of x and y are given in the following table. 

















It is known that x and y are related by the equation ax? + by = x. 

Explain how a straight line graph may be drawn to represent the given equation and 
draw it for the given data. 

Use your graph to estimate the value of a and of b. © 
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4) 


(b) 


S (a) 


(b) 





Itis known that the variables x and y are related by the equation y= 
p and q are unknown constants. 

Express this equation in a form suitable for drawing a straight line graph, and 
state which variable should be used for each axis. Explain how the value of p and 
of q could be determined from this graph. 


The table shows experimental values of two variables x and y. 


eG. where 





3.0 
04 




















It is known that x and y are related by an equation of the form y= ax + % where 
@ and b are unknown constants. Plot xy against x° and use the graph to estimate 
(i) the value of a and of b, (ii) the value of y when x = 1.2. (Cc) 


The table shows experimental values of two variables x and y: 





x] 15 | 2.0 | 25 | 3.0] 3.5 | 4.0 
yl 18] 21) 24) 26) 29] 31 
































It is known that x and y are related by the equation y = kx’, where k and n are 
constants. Draw a suitable straight line graph to represent the above data and use 
it to estimate k and n. 

The variables x and y are related in such a way that when x + y is plotted against 
xa straight line is obtained passing through (1, -1) and (5, 2) (Fig. 16.14). Find 
(® the values of x when x + y = 5, (ii) y as a function of x, Gii) the values of 
x when y = 0. © 


(6.2) 


(1-1) 


Fig. 16.14 
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6 (a) The variables x and y are connected by the equation y = ax* where a and b are 
constants. Fig. 16.15 shows the straight line graph obtained by plotting lg y 


against Ig x. 
Calculate the value of a and of b and hence find the value of y when x = 5. 
lay 
oO 5 9* 
(0-1) 
Fig. 16.15 


(b) The variables x and y are connected by the equation x + py = qxy, where p and q 
are unknown constants. Explain how the value of p and of q may be obtained 
from a suitable straight line graph. © 


7 It is predicted from theory that two variables P and T are related by the equation 
b 
P=at 





(r-3)* 
The following values of P and T were found by experiment: 





10 | 20 | 30 | 40} 50 
P| 13.3 | 10.6 | 9.4 | 89} 8.7 





























1 
By plotting P against [>= . confirm that the equation is approximately true for 


these values, Use your graph to estimate the value of a and of b. 


8 (a) Variables x and y are known to be related by an equation of the form 
a(x + y - b) = bx, where a and b are constants. Observed values of the two 
variables are shown in the following table. 





r]']2[3]4]5 
y[osfosfis]as[o 




















Plot x + y against x°, draw the straight line graph and use it to estimate the value 
of a and of b. 


Variables x and y are related by the equation § + 2 = 1 where p and q are 


positive constants. 


) 


When the graph of y? against x? is drawn, a straight line is obtained. Given that 
the intercept on the y?-axis is 4.5 and that the gradient of the line is ~0.18, 
calculate the value of p and of q. © 
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Calculus (4): 
Further 1 
Techniques: 
Trigonometric 
Functions 


So far we can differentiate single terms such as x°, polynomials such as 2x°—3x + + and 
composite functions such as (2x* — 1)*. 
‘We now extend the range of functions we can deal with. 


Fractional Indices 






gy 


If y = ax’, then you will recall that © =nax“! and J v-de= 2) +0. 


The rules for differentiation and integration still hold when the index n, is a rational 
number, i.e. a fraction. 





Example 1 
Differentiate (a) xi , (b) ae (c) Ve = 2x—3 wrt x. 
(a) y=xi 





(b) 


. 
i 

ae 
1" 
* 


Ss 
man ele 
a 
1 
R 
i 


= 4(2-2x-3)! x Qr-2) 
= (e- NG? - 2x-3y! or 
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Example 2 
; oan 
Find (a) fx tax (b) f'2x de. 


() faddee tes ttcs dite 


4 (243 - 32) = $ x 211 = 1683 








Integration of powers of the Linear Function ax + b 
Iy = (ar+ by", then & = (n+ lalar + by. 


Hence J (n+ Ia(ax + by" dx = (ax + by" 


and so Jac + by ar= SO" 4c where n#-1 





‘This result only applies to a linear function ax + b. The integration of powers of non- 
linear functions such as ax* + b cannot be done in this way and is outside our work. 


The case where n = —I will be studied in Chapter 18. 





Example 3 


Find (a) {2x17 ds, (6) figs (or 'V2R=T de. 
(a) Here a = 2, b =-1 and n=3. 


Sof 2x-1Pdr= SM gee Lar- +e 





de 1 _ Gr+2y! 
(0) J aattsy is shon for f artsy dr= SAP" +c 


-$Gr4 2 +e 


1 
~ ry te 
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© f Vaxridr= f @r-ntar 





= (4 x98) - (fil) =9- 4 =89 








Example 4 
Find the area bounded by the curve y = JE , the x-axis and the lines x = 2,x = 6. 


y 






Fig.t7.4 








Example 5 


The section of the curve y= FA between the lines x= 2 and x =9 is rotated about 
the x-axis through 360°. Find the volume of the solid created. 


You will recall that the volume of a solid of revolution = f ny? dx. 
Here y = (x= 174, 

i 
So the volume =f’ n(x — 1) dx 





. 
; J, = @nx2)- nxn =3n 
T 2 














Example 6 


2012 
When x =k, dy= (2). 
Here k = 2 and 8x = 0.01. 
y=29-2)! 50 # =2x Lo-x) 
a iso 
(Bana = 


Hence 5y = — fe x 0.01 = -0.018 (y has decreased). 


x, where ($) | is the value of {2 when x = k. 


3 2x = -209 = xy) 








Ify = 2V9 —X, what is the approximate change in y when x is increased from 2 10 





Exercise 17.1 (Answers on page 640.) 
1 Differentiate wrt x: 















(@ xt (bo) ave (© Vax-3 

@ 2 -2e4 © We -6F 2x! 

Or (hy ae -3 @) Vi-2r+4e 
2 Integrate wrt x: 

@ 2 

@ 3x3 

(g) < 
3 Evaluate 

afi M4 1 oa ey 

@ f $e & Sd © fear @ fix dx (@) JP xt de 
4 Integrate wrt x: 

(a) Qx-3P (b) (2x4 5)¢ © (23? 

(a) Ve-3 © at 2x4 3y! 

3 © 1 

(g) Yon (h) (3 - 4x¥ @ Fr 

@ Gr+2) (&) @x-1)} @ Qx-sy! 

(m) Vax -1 (n) (1-28? 
5 Find the values of 

" 

@ J, ert rer () f) V3r+T ar 

© f. Gx -1F de (d) fi Vi -3x de 

© f) Gr-4 ar © ff veer5 ar 
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of ?< am) J Gx-2y ax 


+3 


6 Calculate the area bounded by the curve y = (3x — 1), the x-axis and the lines x = 1, 
x23, 


7 The part of the curve y= 3; between x= 2and.x= 


through 360°. Find the volume of the solid of revolution. 








is rotated about the x-axis 


8 If y = 3 Vx, find the approximate change in y when x is increased from 4 to 4.01. 
9 Given that y = 3 V9 +2, find the change in y approximately when x is decreased from 
4 t0 3.99. 


10 Given that T= 9r* and that ris increased from 8 to 8.01, find the approximate change 
inT. 


11 If P= kv’ , where kis a constant, find the approximate percentage change in P if vis 
increased by 3% when it is 5. 


12 If V= 10x i, find the approximate change in V when x is decreased from 4 to 3.998. 


Differentiation of the Product of Two Functions 

y = (3x — 1)(¢ + 5)? is a product of two functions of x, (3x — 1)? and (x? + 5)*, Each of 
these can be differentiated but how can we find ££ 7 As we shall see, the result is NOT 
the product of their derivatives. 

Let y = uv where u and v are each functions of x. 

Suppose x has an increment &x. This will produce increments Su in w and 8v in v and 
finally produce an increment Sy in y. 

So y + By = (u + Su)(v + Sv) = uv + udv + vdu + (Su)(Sv) 

‘Then By = ubv + vu + (8u)(5) 

and =u +yB 4 Moy 

Now let &r —» 0. Consequently 5u —» 0, 8v +0, # > 44, & 5 & and # > @. 
So, as 8x > 0, # > ut + Ht 


Hence we have the product rule for y = uv: 


dy _ dv. du 
dc "ae * Yar 
where w and v are functions of x. 


As the result is symmetrical in u and v, it does not matter which function is chosen as 
wor. 





Example 7 
Differentiate (3x — 2)(x! +4) wrt x. 
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Take u = 3x-2,ve0+4. 
du dv 
23,2 a3 


Then @ suf +v 


Bx — 2) x 3x? + (a8 +4) x3 
9x3 — 6x2 + 3x) + 12 = 12x? - 6x? + 12 


0 








Example 8 
Differentiate x(2x — 1)' wrt x. 
Take w=, v= (2x- 1). 


2x x 42x - 1P x 2+ (Qe ~ Ix BP 
tS t t 


u wy v 


ele 


In this example, we simplify as far as possible and leave the result in factor form. 
2 = (2k - 1)'[x x 8 + (2x - 13) 
= (2x - 1)(14x - 3) 








Example 9 

Differentiate (3x — 1) (x? +5) wrt x. 

SE = Bx — 1) x 24? + 5) x De + (2 + 5 x 3K 1x3 
= (3x ~ 12 + S)[Gx~ 1) x 4x + 08 +5) x9] 
= (Bx — 1G + 5)(12e? - 4x + 9x7 + 45) 
= (Bx — 1)? + 5)(21? - 4x + 45) 











Exercise 17.2 (Answers on page 641.) 


1 Differentiate each of the following products wrt x. Leave the answers in simplified 
factor form. 


(a) x(r- 27° () e(e-1) (©) @+D@-1 

@) (+ 1-29 (e) 8-207 © (-217G-x) 

(g) P02 -x- 1) (h) 2 (e - 3) (i) Gx - 272? - 1) 
@ G+ I2r-1) (k) G8 - 17 @ x(e- 17 

(m) 2x(1 — 2x) (n) Ve-1@r + 1) (0) (2@-x- 2)(x + 1) 


(p) Gx- 17x + 3P 


2 Find the equation of the tangent to the curve y = (x + 1)(x — 2)’ at the point where 
xel. 
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() wa841vee-x-1, 2 =2x, F =2e-1 


dy © Gx NQH- + DAD 
a -x-1F 

ge Baa We We 
= @aa- 





© usxve@+)i, S =1, 


wy , “ema 
& 





(+pip 
To simplify this, multiply the numerator and denominator by 2(x + 1)}. 


dy 2x + 1)- 
= etber : 
& e+ der Di —— +n} 





x+2 











Example 11 
x 2 
Wy = 3eq show that 2 = ata. 
; 3 de 
Hence or otherwise find | “5. 
find fap 
ay _ Gr+2K1)-x3) | 2 


ae Gre HF ~ Gxt F 
Hence means that we should use the above result and notice that 





VP a2_ 
af, aye 
ia2eP og 
alsa], © 
=3)_-41) <2 
a a) . 33) “33 
Otherwise means that another method can be used. We must notice that it is the 
integral of a linear function. 


P ar+22ar= [s2J 


fats 





= [aba], i) 





Note: The two integrals (i) and (ii) look different but they only differ by a constant. 








S(ae5a) = 8533) = o(1-aea) = 8 - ae 


The constant disappears when the limits are substituted. 
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Exercise 17.3 (Answers on page 641.) 


1 Differentiate wrt x, simplifying where possible: 





























@ 5 ©) 

@ 42 © = 

® 5 (hy @ A 
0 o 4 0 
(m 54 @ 34 


2 Ify= iy, find & and 42. Hence show that (1 +.x)$% +2$ 


3 Ify = 3 show that & = Hence or otherwise ie 





4 Given that y = 3,5, find #2, 


2 
4 dx 
Hence or otherwise evaluate J 485: 


5 Ity= V3; find (Take y = Fae) 











Hence evaluate f 





soe 





6 Differentiate TSF wet.x. Hence find J" 


7 Find © ify = V2 


8 Find the values of x which give stationary points on the curve y = 


4 Genk 








z-2 
when x = 3, find the value of a. 





10 fy = Fs find x. 
Hence find the x-coordinate of the stationary point on the curve. 


Differentiation of Implicit Functions 


All the functions we have met so far have been in the form y = f(x) i.e. they have been 
explicit functions. y has been given directly in terms of x. A function may however be 
stated implicitly, as for example x’ + y' = 3xy, where it would be difficult to make y the 
subject. Using the product rule we can differentiate such functions and then find $2 . 
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Using a calculator, the following values of sin x and x were obtained: 


x (radians) sin x 
02 0.198669 
oO. 0.09983, 
0.05 0.049979 
0.01 0.0099998 
0.001 0.0009999 
This shows that when x is small, sin x = x. It would suggest that im “2 = 1, Here is a 


simple proof of this. 
In Fig. 17.2, OAB is a sector of a circle centre O, radius r and angle x radians. AC is 
perpendicular to OA. Then AC = r tan x. 


Fig. 17.2 


Area of AAOB < area of sector AOB < area of AAOC, 
ie. $rsinx < rx < jPunx 
Hence sin x < x < tan x. 


Dividing by sin x, 1 < 74g < Gy. 


Now as x -» 0, cosx— land sb; 1. 


The left hand term is fixed at 1 and the right hand term — 1. Hence the middle term must 


> 1. Therefore lim 35 = 





In a more convenient form, 


oe 


Note: For this result to be valid, x must be in radians. 
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Example 15 

Differentiate (a) sin 3x, (b) sin(ax + b), (c) sin? x, (d) sin'(3x - 2). 

(@) y=sin3x 
We treat this as a composite function, i.e. y = sin u where u = 3x. 
& =cos wand $4 =3, 


Then = 2 x = cosux3=3 cos 3x. 


Note that the function sin is differentiated first to give cos, then the angle 3x is 
differentiated to give 3. 


(b) y =sin(ax + b) 
Taking y = sin u where u = ax +b, 


2 = 2 x H =coswxa=acos(ar +b) 

Note this result for future use: 

a Sin(ax + 6) = a cos(ax + b) 

First differentiate the function, then the angle. 
©) 


y= sin? x 
Treat this as a power of the function sin x. 
Take y = u? where u = sin u. 

First differen 


tr. Nn gh 
B= 2sinx x cose 





te as a power, ‘. $Y. then differentiate the function sin, ie, {t. 





differentiate differentiate 
sin? x to get sin x to get 
2sinx cos x 
(The result could also be written as sin 2x). 
(d) y= sin’ (3x - 2) 
First differentiate as a power, then differentiate sin, then the angle. 
@ = 3sin\Gx-2) x cosxr-2) x 3 


differentiate sin* differentiate sin differentiate 
to get 3 sin? to get cos 3x—2 to get 3 
rpemer fir 
The sequence is sin\(3x — 2) 
function second: variable last 


Hence % = 9 sin*@x - 2) cos(3x - 2) 
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Example 16 


Differentiate sin x° wrt x. 
We must first convert the angle to radians. 


2° = 7ip radians 
Ify = sin 735, then 
& cos fi x 75 or hy cosx°. 





Note that the result is NOT cos x°. All formulae in calculus for trigonometrical 
functions are only true for radian measure. Angles in degrees must be converted to 
radians. 








Example 17 

Differentiate (a) x sin x, (b) VI — sin x wrt x. 

(a) This is a product of x and sin x. 
Ify=xsina, then 2 =xcosx+sin x. 


(b) Ify=(1-sin!, 2 = 4c -sinxy i x eos.) 


cos x 
= Wi sinx 











Example 18 
Find the values of x for 0 < x < which satisfy the equation (x ~ sin 2x) = sin? x. 
& (r= sin 28) = 1-2 cos 2e= 1 - 2(1 -2 sin? x) =4 sin? x1 
Hence 4 sin? x ~ 1 = sin? xor sinx = 4 5. 

Solving this equation, x = 0.62 or 2.52 radians (x < m = 3.14). 
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Example 23 


Differentiate wrt x (a) x tan 2x, (b) sin x tan x. 


(a) Wy =xtan 2x, 2 = x sect vx 2+ tan 2x 


= 2x sec? 2x + tan 2x, 


(b) Ify=sinxtan.x, 2 = sin x sect x + tan x cos x 
= sin x sec? x + sin.x 
= (sin x)(sec? x + 1) 





Exercise 17.6 (Answers on page 642.) 


1 Differentiate wrt x: 





(a) sin 3x (b) sin 5 (c) cos ¢ 
(d) tan 3x (©) cosec x () xsinx 
(g) ¥ sin 2x (h) cos(2x? = 1) @ sin(¥ -x) 
@ tan¥ (k) xsinx+cosx o Sh 
(m) cos? 2x (a) xcos x—sin 2x (0) sin 3x cos 2x 
(p) V4 + sin? 2x (q)_cos\(1 - 32°) @) Vian 2x 

2 Differentiate wrt x: 
(a) cos 3x (b) (c) cos(2* = 1) 


(d) sin’ 2x © 


1 
(@) trae (hy) # tan 5 (cose 
() Xcos 2x - sin x) 


3 If y= sin 2x, find “ and ©, and show that £2 + 4y =0. 
4 If y =xsin 2x, find the value of $2 when x = 5. 





(sin 3 cos 2x 


5 Given y= A cos 2x + B sin 2x, where A and B are constants, show that © + 4y = 0, 
If also y = 3 when x= $ and 2 = 4 when x= 0, find the value of A and of B. 

6 If y = cos 0 +2 sin 6, find the values of @ (0 <8 < 2n) for which $2 = 0. 

7 Find & if y = (sin x + cos 2x) 





8 Solve the equation & (x + sin 2x) = 2 forO<x< x. 
9 Differentiate 7284 wrt x and hence find 2 5. 


10 (a) Show that if y = 2 sin x cos x, then 2 = 0 when tan x = 


Hence find the values of x (0 < x < 2) where y has stationary values. 


(b) Find the value of x (0 <x < 2m) for which y = 
the maximum and minimum values of y. 








3cosx jy 
S04. is stationary. Hence find 


11 Find the equations of the tangents to the curve y = sin.x where x = 0 and x =m. 
12 Find the equation of the tangent to the curve y = cos x where x = 5. 
Integration of Trigonometric Functions 


If y = sin(ax + 6), then © =a cos(ax +b). 


Therefore J costar + 6) dx = 





If y = cos(ax + 6), then { = -a sin(ax +b). 
Therefore J singer + 6) dr =~! costar +b) +e 
If y = tan(ax + 6), then 2 =a sec\ax + 5). 


Therefore J seca +b) dx = 





tan(ax +b) +e 


For all these results, x must be in radians. 





Example 24 
Integrate (a) f sin 3x dx , (b) f cos § dx. 


(a) J sin3rdr= 2 4e=—! cosarte 








(b) feos $dv= “7? +c=2sin $+ 








Example 25 


Find the area of the shaded region in Fig.17.4 between the part OA of the curve 
y = sin x and the line OA, where O is the origin and A is the point (3, 1). 


Fig. 17.4 











The shaded area is the area under the curve minus the area of AOBA where AB is 
perpendicular to x-axis. 


Area = f} sin xdr- x Fx 
= [-cos x ]'-§ 


= (-cos $) - (cos 0) - § =0-(-1)- F 





® units? 
§ units’ 





Example 26 

Find f sin? x dx. 

We cannot find J sin? x dx directly as it is not in the form sin(ax + b). 
We use the formula cos 2x = 1 ~ 2 sin?.x to convert it to a suitable form. 
‘Then J sin? x dx =f 4=829 gy 





“J()- 92) dee PB ven ge 


‘The same method is used to find J cos? x dx. 











Example 27 


Sketch the curve y = 1 + cos x for 0 $x $ m. This curve is rotated about the x-axis 
through 2m radians. Find the volume created in terms of f. 


Fig. 17.5 








Fig. 17.5 shows the curve, which is y = cos x moved up 1 unit. 
The volume = J" (1 + cos x)? de 
=n J (1 +2c0s x + cost) de 
=n fi (14 2c05.c+ 14982) de 
=n’ (3 +2c0s+ 4 cos 2x) dr 
+2sinx + } sin 2c]. 
0 


+2sin n+ } sin 2x) - m0) = 








Exercise 17.7 (Answers on page 642.) 


1 Integrate wrt x: 


(a) sin 2e (b) cos 4x © sin 5 
(d) 3 sin 3x (e) sec? 3x (f) cos 2x - sin x 
(g) sin x + cos x (h) cos? 5 cos Sx 
@_ sin(} -x) (k) sec? § () cos 2x- sin x 
(m) (cos x ~ sin x)? (n) 2sinx+ 5 sin 2c 

2 Evaluate 





) fi sinxar 


(©) Jf sine rar @) J sect vd 
(©) JF Gin 2x cos «) dx (8 fi (eos x + sina) dx 
tw) ffsin ae (oy fi sin 3x ae 
ott oe 


&) Ji cos? x ax 
316% = & + $ cos 20, find y if y= 1 when @ = 5. 


4 Find (a) the area of the region enclosed by the curve y = sin x and the x-axis from 
x= 0 to.x = mand (b) the volume created if this region is rotated about the x-axis. 





5 Differentiate wrt x. Hence find the area of the region under the curve 


s 
T+ cos 
y= qty between x= 0 and x= 5. 


405 


6 The region bounded by the x-axis and the part of the curve y = 2 sin x between x = 0 
and x = 1 is rotated about the x-axis through 360°. Find the volume of the solid 
generated. 





7 Sketch the curves y = cos x and y = sin x for OS.x< 5. 


Find (a) the value of x where the curves intersect, (b) the area of the region bounded 
by the two curves and the x-axis. (c) If this region is rotated about the x-axis through 
360°, find the volume of the solid created. 


8 Find the area of the region enclosed by the x-axis, the y-axis, the curve y= cos x and 
the line x= §. If this region is rotated about the x-axis through 360°, find the volume 
created. 

9 Using an identity for cos 4x, find cos? 2x dx. 

10 Sketch the curves y = cos x and y = sin 2x for 0 <x < 5. Find 
(a) the value of x where the curves intersect (apart from x= 5) and 
(b) the area of the region enclosed by the two curves and the x-axis, 





11 (a) Show that 7>2835 = sectx—1. 


T+ 00s - 
(b) Hence find the value of [* }>S053% dr. 





12 By writing 3x as 2x + x, show that cos 3x = 4 cos’ x ~ 3 cos x. 
Hence evaluate [* cos x dx. 


SUMMARY 


© face by ara seine) 





© Product rule: Wy =uv, & = vit 

© Quotient rule: If ya 2 = 

© For.x in radians, a and b constants: 
d 


& sin(ax + b) =a cos(ax +b), J cos(ax +b) dx = ! sin(ax +b) +c 


4 cos(ax +b) +0 


& costar + b) = -a sin(ax + b), J sin(ax +b) dv =- 1 





& tan(ax +b) =a sect(ax + b), J sectiax + b) dx = + tan(ax +b) +c 


© To integrate sin? x or cos* x, use the identity for cos 2x. 





14 If =aV1—cos 8, show that $5 = 


15 (a) Given that ) 
(b) Find the values of x (0 $x $ 2n) for which y 
maximum and minimum values of y. 


cos §. 
in x cos 2x, find the values of x (0 $x $ x) for which # = 0, 


1+ sinx 
Sinx + cosx 








is stationary. State the 


16 If y = sin 26, find the approximate change in y when @ is increased from © to 
x 
+001. 


17 Show that the function 





is always decreasing for x > 1. 


18 Find © in terms of x and y if 2? + y + 2x = 8. Hence find the gradient of the curve 
at the points where x = 1. 


19 Ify=a sin 2x, where a is a constant, satisfies the equation £2 + 8y = 4 sin 2x, find 
the value of a. 


20 Given that r°(1 + cos @) = k, where k is a constant, show that %& = £ tan §, 





B 
a 
21 Solve the equation J sin £ dr-=0 for 0<x<2n. 


22 Find $ for each of the functions xy =a and y = VI? +2 where a and k are constants. 
Hence show that the tangents at the point of intersection of the curves are per- 
pendicular. 


23 A particle moves in a straight line and its distance s from a fixed point O of the line 
at time r is given by s = 4 sin 2. 
(a) Show that its velocity v and its acceleration a at time f are given by 
v= 2V16— and a=-4s. 
(b) Find the greatest distance from O reached by the particle. 


24 Ata certain port the height h metres of the tide above the low water level is given by 
h = 2(1 + cos @) where @ = 35 and ¢ is the time in minutes after high tide. 
(a) What length of time is there between high and low tide? 
(b) At what rate is the tide falling, in metres per minute, 75 minutes after high tide? 
(©) A bridge is 10 metres above the low water level. A boat can only sail under this 
bridge when the distance between the water and the bridge is not less than 
7 metres. How long after high tide will it be before the boat can sail under the 
bridge? 
25 (a) Differentiate cot @ wrt @. 
(b) A cone has a base radius r and a semi-vertical angle @. Show that its volume 
V= 4}nr cot ®. 
fixed but @ is measured as 45° with an error of 4%. Find the percentage error 
in the calculated value of V. 








(©) 





Calculus (5) : 
e* and In x 


The function + cannot be integrated by the usual rule. So if this function is to have an 
integral it cannot be an algebraic one but some other type of function. The story of its 
discovery is beyond our work but we can start with the origin of an important number in 
the story. 

This comes from asking what happens to the value of (1 + 1)’ as ¢— i.e. what is the 


value (if any) of lim (1+ 1)'? 


We shall not be able to prove what this limit is but the following set of values made 
by a calculator will suggest an answer. 


t (+p) 
100 (1.01) ~ 2.7048 
1000 1.001)" = 2.7169 
10 000 (1,0001)!°% ~ 2.71815 
100 000 (1.00001) = 2.71827 
1 000 000 (1.000001 )' °° = 2.71828 
10 000 000 (1,0000001)'9% © = 2.71828 


As x increases, it appears that (1 + 1 Y tends to a value which is approximately 2.71828. 
This is true and we denote this limit by the letter e. Like x, e is an irrational number. 
Its importance is that it is taken as the base of natural logarithms, i.e. log, x (written as 
Ina) 


Ify = log, x=Inx thene =x 
Ify =e then ny =x 


Similar to other logarithms, In | = 0, In e = | and if 0 <x < 1, Inx is negative. If 
x $0, In x is undefined. 

So for example, if y =e then In y 
In 2 + 3x, 

We shall now see why such a strange number is chosen as a base for logarithms. 





=2r+3:ify =in2+Ine™= 





= 2e* then In ) 


409 


a 
ax Inx 


Take y = In x and let x have an increment &x. Consequently, y has an increment dy. 
‘Then y + by = In(x + &x) and dy = In(x + 8x) ~ In.x = In( 2452), 
Hence % = g in(248) =in(1 + S)&. 


To make use of the above limit, write & = 150 =<. 


Then & =in(t+!)=! infty. 
Now let : +0. Consequently, By > 0, % > $1 and (1+ 1)’ +e. 
Using these, we have $ = } Ine=+ asine=log.e=1. 














This is a very important and simple result. It is the basis of the work in this chapter and 
shows why e is taken as the base of natural logarithms. 
Now using the rule for a composite function, we can differentiate In f(x). 
d 
=~ In f(x) 
ax In f(x) 


Suppose y = In f(x). 
Take w = f(x) and so y = Inu. 


@ ohand #! = 2 =F~w 
gd du 1 fw 
SGX grata 
inte) =r 





Example 1 
Differentiate wrt x(a) In(ax +b), (b) n(x — 3x +1), (c) In sin 3x, (d). Inx,(e) a 








(a) Here f(x) = ax +b. 

& iar + = 55 asfw= t (x+)=a. 
() & ing? 3x41) = 34S3> (as f'@) = 2x-3) 
© & Insin 3x= 383 =3 cot ax 
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Exercise 18.1 (Answers on page 643.) 
1 Differentiate the following wrt x and simplify where possible: 





(a) InSx ) ne (©) InGx-1) 
@ in(sin x) ©) Inte + tan.) (O In(cos 2x) 
{g) In(cos? x) (h) In(sin 3) @ In@e-4x-1) 
@ nVe-5 © In(se) @ xinx 
(m) BF (a) In(x cos x) (0) cos(In x) 
(p) InxIn3x @ + Dine-1 @ (nx 
(6) In(cos 3x) @ @-D)in (u) In (e+ sin x) 
(¥) In(x + 32x - 1) (w) in (234) 
2 








2 My =In(x + 1) —2), show that # = =! 


3 If y = In(3x + 1)(2x— 1), find and simplify 2. 
4 Given that y = In(2>%), find 2 in its simplest form. 


5 Fig. 18.2 shows parts of two straight lines obtained by plotting In y against x for two 
different functions. Each has two points marked. Find for each function, (a) y in terms 
of x, (b) the value of x when y = 1. 


iny 
(4.9) 


(1,3) 





Fig. 18.2 


6 State how the functions (a) y = 
straight line graph and give the equation of each 





can each be represented by 
ne. 


7 On graph paper, draw the graph of y = e* for 0 < x < 2. By adding a suitable straight 
line, find an approximate solution to the equation e' +x = 5. 


8 Given that e* = e%*" and that In(3x + 4y) = 2 In 5, form two simultaneous equations 
and hence find the value of x and of y. 
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9 Differentiate In(x— sin x). Hence find the gradient on the curve y = In(x—sin x) where 
xeon. 


sinx sinx 














10 Differentiate 7222; . Hence show that & InjS22> = -cosec x. 

11 Differentiate 72%2> . Hence show that & In7S— =—sec x. 

<i 

dx 

Ify =e then In y =x, Differentiating both sides wrt x, + ¥ = 150 & =y=es 
He 





This result makes e* a unique function, It is the only function whose derivative is itself. 
‘The gradient at a point on the curve y = e* equals the value of y at that point. (This was 
suggested in Question 3 of Exercise 15.3). 


d 
aw 
ax? 





We can also differentiate composite functions of the type e. 
If y = eM and w = f(x), then y= e*, 

2 =e" and * =f. 

Hence # = @ x # =e f(x) =foe™. 


Set = Fone” 


Example 4 
Differentiate (a) e”*, (b) e*, (c) xe™, wrt x. 


(b) & ete = 2 cos 2x) ern 


(©) y= xe" is a product. 
B se% + x20) =eM(1- 2x) 
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Example 5 


Find the coordinates of the point of intersection of the curves y = &"' and y = e** and 
the gradient of each curve at that point. 


At the point of intersection, e*~! = e** so 2x - 1 = 2-x and x = 1. The coordinates of 
the point are (1,¢). 
For y= et!, & = 2e! = 2e when x= 1. 


» Bach =e when x= 1. 





For y= 





Exercise 18.2 (Answers on page 643.) 


1 Differentiate wrt x: 





(a) @) es © & 

(d) e* E (©) em (f) xe" 

(@) Qx- aye (h) ew @ enee 

@ e'sinx w st 0 

(m) xe (n) e*-e* (0) e*(cos x - sin x) 
(P) Gx + 2)e™ @ einx oS 

oo (cos 2x w= 

) Pe ™ e-eF 


2. Find the coordinates of the point where the curves y = e and y = e** meet and the 
gradient of each curve at that point. 


3 Find the range of values of x for which (x ~ 3)e** is increasing. 

4 Ify=a0™ find © and &. Hence find the value of x for which y has a stationary point 
and state the nature of that point. 

5 Given that y = xe, find the values of x for which y is stationary. 

6 If y = (x2 — 3)e%, find the values of x where y is stationary and the nature of these 
points. 

7 If y= cos x, find $ and £2. Use these to find the values of x (0 <x < 2m) where 
¥y has stationary points and state the nature of these points. 

8 Find & and oy for y = (cos x + sin x). 


Hence find the values of x (0 <x < 2n) where y 
stationary points. 





is stationary and the nature of the 


9 Given that y = e* sin x, prove that $4 — 2% + 2y=0, 
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10 Find the gradient on the curve y = e* cos x where x = 0. 
11 If y =a", show that In y =x In a and hence find $2. 
12 1f £( S82) = &, find fix), 


ef 








Integration of and e+? 


1 
ax+b 
We can now find an answer for f } dx. 


We know that £ Inx=4 sof! dr=inx+c. 


However we must be careful. If x < 0, In x is undefined. We can guard against this by 
writing 
Jiaretn|al+e 


This is justified as shown in Fig. 18.3 which shows the two branches of the curve y = 











ax = [in x}* which is undefined. 
y 


By symmetry however, area A = area B {in xt = [in |x i. 
« 





Further, since & In(ax + b) = 


a+r 


then 





As & et = aes, 
then fetarctense 


Note: These results only apply to the linear function ax + b. 
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Example 6 

Find (a) { (3x-2y" de, (0) J" 7585, (0) fe a. 
(a) J ghyar= $in[3x-2] +e 

) fi oH = [-$ in l2-3ei]" 

(-$ In |51)-(- $1] 81) 


=-}in5+ $n8= 5 In § = 0.16 


Such results however are usually left in terms of In. 

ae Sn 24)? 

© f[ ear=[-]! 
=e") -(e) =-e1 + 











Example 7 


Find the area of the region enclosed by the curve y = 4, the x-axis and the lines 
xelx=3, 





Area =f)! ar 





In| x1] 


In 3 -In 1 = In 3 units* 








Example 8 


The part of the curve y= GE between x = —3 and x = ~1 is rotated about the x-axis 
through 360°. Find the volume of the solid created. 


Volume = 





face stra 


=x(-in]2-xi]) = x(n |3|)—m(- In] 5|) =n In 3 units? 











Example 9 


The region enclosed by the curves y = e* and y = e* and the lines x = 1, x = 2, is 
rotated about the x-axis through 360°. Find, in terms of e, the volume of the solid 
formed. 


Volume = xf. (e2)*—(e7?] de 


2 2 
=nf (te dx=n[fer— Sex] 


=n($ -$) -n($ - $) = Fle -3e¢ + 2€) 


= FE (es — 3e? + 2) units? 





Exercise 18.3 (Answers on page 643.) 





1 Find 
(a) fexae () fear © ferra 
@ J ats © fxs © fa-s'a 
@ J tia ) f(er+ df ar @ ferma 
@ Jer*ar 0 fh o Ja 

2 Evaluate the following, giving the result in terms of e: 
@ fi evar ) fi evar © fietrar 
@ Pear © fi Za © f eras 
@ feta co fi ear 

3 Express the following in terms of In: 
@ f 45 » fs © f 5 
@ f, @-y'& © i aos 9 fy Stax 
@ f 6-o'a wf s% © fs 


1 fp dx 
4 Show that =ty - zy7 = #oy-Hence evaluate f 3). 
§ Show that =; - 





2 
FoEaa and hence evaluate f° 
6 Pisa function of r such that =e and P = 3 when t= 








. Find P in terms of t. 


7 Calculate the area of the region enclosed by the curves y = e* and y = e® and the line 
x= 








8 Find f “2! dx, 
9 The part of the curve y= J=+5 between x= 1 and x=3 is rotated about the x-axis 
through 360°, Find the volume formed. 
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10 (a) The gradient of a curve is given by $2 = e* and it passes through the point 
(0, 3). Find the equation of the curve. 
(b) Find the area of the region enclosed by the curve, the x-axis and the lines x = 0 
and x= 1. 
11 (a) Sketch the curves y = et and y = In x. 
(b) Differentiate x In x — x wrt x and hence find } In x dx. 


(c) Hence find the area of the region enclosed by these curves, the x-axis, the y-axi 
and the line x = 2. 





12 (a) Find the equation of the tangent to the curve y = In x at the point where x= 1. 
(b) Find the area between this tangent, the curve and the line x = 2. (Use the result 
of Question 11(b).) 





SUMMARY 
© Inx=log, x; = 2.7183 


© Ify=inx,x=e ify=e" Iny=ar+b 





e fins=t o eset 
Fw) 
e 2 inte) =o 2 marie” 
eo f% =mixl+c J Sy =f inlax+ol+c 
eo fedr=eve Jemarstemac 


Note: J (ax+ by de= 22 





+c for all values of n except n = -1. 











REVISION EXERCISE 18 (Answers on page 643.) 


A 
1 Evaluate 
' 2 ; 
(@ fear of As © fetta 
(a) J) ede eis constant) @ [i ear of 


1 
(8) f & ae 
2 Find the gradient of the curve y = In(x + sin 2x) where x = 3. 


3 Sketch the curve -** for x > 0 and find the area of the region enclosed by the curve, 
the y-axis, the x-axis and the line x = 1. 
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Parametric 
Equations 


In previous work, the equations of curves have been expressed in Cartesian form, i.e. as 
a relation between the coordinates x and y. Another method of stating the equation of a 
curve is to use a third variable, called a parameter. x and y are then each expressed in 
terms of this parameter. The equation of the curve is now given by no parametric 
equations. For example, the parametric equations of a curve could be 





# where 
1 is the parameter. This seems to be a more complicated way of describing a curve (two 
equations instead of one) but for many curves it can be more convenient . 

‘The parameter can be any suitable variable such as a number, an angle, a length etc. 
It must however satisfy two conditions: 
(1) each point on the curve must be related to a unique value of the parameter; 
(2) each value of the parameter must give the coordinates of only one point of the curve. 





The Cartesian equation of the curve is found by eliminating the parameter between the 
parametric equations. 





Example 1 


The parametric equations of a curve are x = 2t, y =P. Sketch the curve and find its 
Cartesian equation. 


As y =P, y is never negative. Also the curve is symmetrical about the y-axis. 





1 =0 gives the point (0,0), ¢ = 1 gives the point (2.1), = -2 gives the point (4,4) and 
so on. 

If > 0, x > 0 and x and y both increase as ¢ increases. 

If 1<0,.x <0. As 1 decreases, x decreases but y increases. 
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As 1 takes values from — to +2o, the point (x.y) moves along the curve as shown in 
y 


Fig.19.1. 


Fig. 19.1 
Was 2ne= 3. 


Then y= = (3) and 4y=2. 
‘The curve is a parabola. 











Example 2 


The parametric equations of a curve are x = 75 
equation. 


We find ¢ in terms of x and y first. 


23, iy ; 
75; Find its Cartesian 





Ifx= phy. then (1+ x=1 i) 
Ity= poy, then (+ ny = (i) 


Divide (ii) by (i). Then % = ¢. Now substitute in (1). 


(14 2)x= } which givesx+y= 2 ox? +ay=y. 


This could also be written as y 








Example 3 
Find the Cartesian equations of the curves given by (a) x = sec @ + 2, y = 3 tan 8, 
(b) x = 3 sin 8, y = 2 cos 20. 


(a) To eliminate the parameter @, we use the identity sec? @ = 1 + tan? @. 
So rearranging and squaring the two parametric equations, we have 
(x= 2) = sec? @ 


(3) =une 
Subtracting, we get 
@-2F- (3) =1 


which reduces to 9x° —36x+27=0. 
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2sin? @ 





(b) We use the identity cos 28 = 


Then ¥ =1-2(3) or 9y=18-4x, 





To find the gradient from the parametric equations 
Given the parametric equations for a curve y = F(x) we can find 2 by using the rule 
from Chapter 10: 2 = * x s. 


Hence the gradient “a on the curve y = F(x) given by the parametric equations x = f(t), 
Y= a is 





eie|ele 


Example 4 
A curve is given by the parametric equations x = 74; Tay. Find 


(a) & in terms of t, 
(b) the coordinates of the point(s) where the gradient is -3, 
(c) the equations of the tangent and the normal at the point where t = 2. 


(a) 


= eny-F _ ar+2) 
“U4 ~ ee 


ae 
and gy =- TF 


Hence 2 = #22 x UO - 42) 

If the gradient = -3, then -(r + 2) = -3. 

Sof + 21-3 =Oie. (1+ 3)(r- 1) = 0 giving ¢=-3 or t= 
There are two points where the gradient = -3. 

When t = -3,x=- 4 3 4 


3) == F ie. the point (- },- 
When t= 1,.x= $, y=}, ie. the point (4, } 
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(©) If =0,x=3,y=3 ic. the point AG,3). 
the point B(2,4). 


ny 
The equation of AB will be 2=3 = 4=3 ie.x+y=6. 





o 
When @ = 38, 2 =-cot 38 = 1,x=2+4c0s = 1.29, 
y=3+sin 3 =3.71. 








So the equation of the tangent is y - 3.71 =x+242. 








Example 6 


The parametric equations of a curve are x = 2t~1,y =P +1. 

(a) Find the Cartesian equation. 

(b) If the tangent at a point P (parameter p) passes through the point (2,3), find the 
value(s) of p. 

(c) Find the equation of the tangent to the curve which is parallel to the line 
yt2e=3. 


(a) Ifx=2r-1, then ¢= 254 
Then y= (224) + Lie. 4y =a +245. 





So the gradient of the tangent at P = p. 
The coordinates of P are (2p — 1, p? + 1) and the equation of the tangent is 
y-(p? + 1) = p(x 2p + 1) and this passes through (2,3). 
Hence 3 — p? - | = p(2 - 2p + 1) which reduces to p? - 3p +2=0 
ice. (p - 2)(p - 1) = 0 giving p = 1 or 2. 
(c) The gradient of y + 2x = 3 is -2 and the gradient of the tangent to the curve is f. 
Hence = -2. 
When t = -2, x =-5 and y= 5. 
So the equation of the tangent is y - 5 





Ax + S)ie. y+ 2x= 
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(a) The coordinates of B are (1,0) where 1 is a parameter. 
The gradient of AB = 4; so the gradient of BCD = 1 - 3. 


‘The equation of BCD i: (¢ - 3)(x - #) and this meets the y-axis where x = 0. 
The coordinates of C are therefore (0, -1(t — 3)). 





(b) A locus is the set of all the possible positions a point can take. In this case, the 
locus of D will be the curve on which D lies. If the coordinates of D are (p,q) and 

C is the midpoint of BD, then 
=h0+0i. 
and -1(1 ~ 3) = $(q + 0) ie. 





pst 





Hence the parametric equations of the locus of D are x 





Substituting ¢ = —x in the equation for y, the Cartesian equation of the locus of D 
will be y = 2x(-x - 3) ie. y =-2e(r + 3). 





Exercise 19.1 (Answers on page 644.) 


1 Find, in as simple a form as possible, the Cartesian equations of the following curves: 
cos 8, y =2 sin @ (b) x=1+2coss, 
@) x 














(g) x=et-1),y=P (h) x= 957-9 = G7 

@) x=2-1Ly=1-1 @) x= 2cos 20, y=1+cos 8 
ra @ x=4y=Vi-1 

(m) x= hy 22-3 (n) x= ey =3e” 


mT 
2 Fin tbe gaan on ie corte = 8=e08 87 





~2 sin @ at the point where @ =m. 





3 Find & & in terms of 1 for the curve x =~, y= tat. 
Hence find the equation ofthe tangent and the normal where = 2 


4 The parametric equations of a curve are x ma ys(r-1y. 


Find the equation of the normal where 





5 By finding s+ », deduce the Cartesian equation of the curve given by 
12 Gt 
Describe the curve. 


6 Find the values of ¢ and the coordinates of the points where the curve given by 
x= f—1, y= 31 meets the line given by x= m— 1, y =2m-+ 1. State the values of m 
at these points. 

7 A curve is given by x= 1-1, y = +1. Find the values of ¢ where 
(a) the normal to the curve is parallel to the line 3x + y= 5, 

(b) the turning point is. 
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2 Find the Cartesian equations of the following curves: 
(a) x=2cos 8, y=3 sin? @ 
(b) x= 2+ Iny 









(©) x=1- 
@) x=e"*",y= 204! 
© x=2e%yse% 


3 The equation of a curve is given in terms of a parameter @ as x = sec @ + 2 tan 0, 
= 3 sec @ — tan 8. Express sec @ and tan @ in terms of x and y and hence find the 
Cartesian equation of the curve. 


4 (a) A curve is defined parametrically by 
xe3(r+ 4), y=2(r-4). 
Write down the gradient of the curve at the point whose parameter is 2. 
Write down and simplify expressions for 2x + 3y and 2x — 3y in terms of 
tand hence obtain the Cartesian equation of the curve. 
(b) The straight line 3x —4y— 15 =0 intersects the curve whose parametric equations 
are x = 5°, y = 101 at two points. 
(i) Calculate the value of ¢ at each of these points of intersection. 


(ii) Prove that the tangents to the curve at the points of intersection are perpen- 
dicular to each other. © 






i 





5 A curve is defined parametrically by the equations x= 75. y= 755. 


Show that 2 = «(r+ 2). 
Find (i) the value of ¢ at the point where the tangent is parallel to the tangent at the 
point where 1 ii) the equation of the normal at the point where r= —3.  (C) 





6 A curve is given by the parametric equations x = 2° - 31, y= - 81+ 1. 
(a) Find © in terms of 1. 
(b) Find the value of r at the turning point and the equation of the tangent at that 
point. 
(©) Find the value of ¢ at the point where the tangent is parallel to the line 
yt2rs3. 


7 (a) The parametric equations of a curve are x = 31+ 1, y= 2P. 

A point P on the curve has parameter p. Given that the tangent at P passes 
through the point (1, -8) calculate the possible values of p. 

(b) The Cartesian equation of a curve is y(y - 2) = x. Given that x is defined 
parametrically by x = P — 1 and that y = 4 when 1 = 3, express y in terms of 1. 

(©) The parametric equations of a curve arex='-ty=P +t. 
Express in terms of sin the simplest possible form. Hence, or otherwise, find 
the Cartesian equation of the curve. (Cc) 


8 The line y = tx meets a line through the point (1,0) at right angles at the point P. Find 
(a) the coordinates of P in terms of ¢ and (b) the Cartesian equation of the locus of P. 
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9 A curve is given parametrically by the equations x = 72, y= 735. 





Given that P and Q are points on the curve with parameters 0 and 2 respectively, 
(i) find the equation of the chord PQ, (ii) show that ¢ =-'*+9 and hence find the 
equation of the normal at P. 

Find the points of intersection of the curve with the line y = x. © 





10 The parametric equations of a curve are x=1+ 4+, y= a(t -2). 
Find the values of ¢ where the tangent is parallel to the line y = x + 2. 


11 (@) Obtain the Cartesian equation of the curve whose parametric equations are 
xal+ dy set 0. 

(b) For the curve whose equation is x° + 4y? — 8y = 0, a parametric form for y is given 
by y= 1 + sin @. Obtain, in its simplest form, a corresponding parametric form 
for x. 

(©) The parametric equations of a curve are x= +t, y= 2+ 1. 
Obtain the equation of the tangent at each of the two points where this curve 
meets the y-axis. Calculate the coordinates of the point of intersection of these 
tangents. («) 





12. A curve has parametric equations x = 4 - 3¢, y = 91(1 ~ 0). Find the equations of the 
tangents which pass through the point (2,6). 


13 (a) The coordinates of a point are given parametrically by the equations 
+4 





3 
x= ys 
Find 2 and hence, or otherwise, obtain the Cartesian equation which corre- 
sponds to the above parametric equations. 

(b) Write down the equation of the straight line having a gradient of -7 and passing 
through the point (0,1). This line meets the line x + (y + 1) = 0 in the point (X,Y). 
Obtain expressions for X and Y in terms of t and hence evaluate X+Y. (C) 


14 The parametric equations of a curve are given as x= ae“ cos f y= ae sin , where 
@ is a constant and ¢ is a parameter. Show that 2 =tan(r-F). 


15 The position vector r of a point P is given by r= (1 Ii + (# + 2)j where ris a 
parameter. 
(a) State the parametric equations for the locus of P and obtain the Cartesian 


equation of this locus. 
(b) Find the position vectors of the points where the curve meets the line 2x + y= 3. 


B 


16 Fig. 19.4 shows a vertical circular disc centre C and radius 2 which is rolled along the 
horizontal line AB. P is the point of contact with AB at the start and as the disc is 
rolled, P describes a curve known as a cycloid. When the disc has turned through an 
angle @, P is at the position P’. 
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(a) 


Taking P as the origin of coordinates, show that the parametric equations for P” 
are x = 2(@ — sin @), y = 2(1 - cos 8). 

What is the value of @ when P reaches the line AB again for the first time after 
the start? 


Show that ( $£) +( 2) = 16 sin? $. 

‘The length s of an arc of a curve, given in terms of a parameter @ is 

fi VSI + (BY 40 where a and b are the values of the parameter at the ends 
of the arc. Using this, find the length of one arch of the cycloid. 


17 By taking y = cx, find parametric equations for the curve x° + y* = 3xy. Hence find the 
equation of the tangent at the point where ¢ = 1. 


) 


© 
@) 


18 A curve is given by x = 2 cos’, y = 2 sin® ¢ where £ is a parameter. 
(@) Find & in terms of r and show that the equation of the tangent at the point with 
parameter p is x sin p + y cos p = sin 2p. 
(b) This tangent meets the axes at P and Q. Show that the length of PQ is constant 
whatever value p has. 
(©) Obtain the Cartesian equation of the curve. 
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Revision Papers 
6-10 


PAPER 6 (Answers on page 645.) 


1 (a) Find x if (1.2) = (2.1) 
(b) Solve the equation log, x + log (6x - 5) = 2. 





i ° oa 

2 Evaluate @ J a. oS 8S. Of FR. 

3 Given that 2x° + ax* + bx + 6 has factors (2x — 1) and (x + 2) find the value of a and 
of b. With these values, find the remaining factor. 


4 (a) Sketch the curve y= 1 +e". 
Find (b) the equation of the tangent to this curve at the point (1,1 + ¢) and (c) the 
coordinates of the point where this tangent cuts the y-axis. (d) Hence find the area 
enclosed by the curve, this tangent and the y-axis. [Leave your answer in terms of e.] 





5 Express cos x + 2 sin x in the form R sin(x + ), where @ is acute. Hence solve the 
equation 2 cos x + 4 sin x = | for 0° < x < 360°. 


6 (a) Find & if y = In(2> 








simplifying your answer. 





de. 


(0) Hence evaluate f' == 


7 The values of x and y in the table below are believed to fit the equation y = ax’. 





1s] 17] 19] 24] 23 
86 | 104] 12.3] 143] 164 




















By drawing a suitable straight line graph, estimate the values of @ and n to 2 
significant figures. 
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8 Fig. R6 shows part of the graphs of y = sin x and y = cos 2x for O<x< 3. Find 
(a) the x-coordinate of A and (b) the shaded area. 





Fig. R6 a y= cos 2x 


9 (a) Find an expression for the sum of the first n terms of the AP 8, 11, 14, ... and find 
the value of n if the sum is 148, 
(b) The sum of the first three terms of a GP is 35 and the 3rd term is greater than the 
first term by 15, Find the first term and the common ratio. 
10 A curve is given by the parametric equations x=? +1-t,y=r+ 4. 
Find the coordinates of the turning points on the curve. 


PAPER 7 (Answers on page 645.) 


1 (a) Differentiate x sin x + cos x wrt x. 





Hence evaluate J” x cos x dx. 


0 
1 
(©) Given thar = J5=, find y if y =-2 when x= 1. 


ight line with variable gradient m is drawn through the point (1,1) and meets the 
at A and the y-axis at B. The rectangle AOBT is drawn, where O is the origin. 
(a) Find the coordinates of T in terms of m. 

(b) Hence find the Cartesian equation of the locus of T as m varies. 





3 (a) Find the values of x at the turning points on the curve y = (x? -2)e™* and the nature 
of these points. 
(b) Given that e= e* and that In(&x + 3y) = 2 In 7 find the value of x and of y. 
(©) Find and simplify 2 if y= (2x 3)(x+ 1). 





4 (a) Prove that 2(3 cos A — 2 sin A)(3 cos A + 2 sin A) = 13 cos 2A + 5. 
(b) Solve the equations 


@ cos § =04, 
Gil) 2 sin? @ = 3(1 + cos @) for 0° < @ < 360°. 


434 


5 (a) Solve the equation 2x’ - 9x7 + 12x-4=0. 
(b) If the remainder when f(x) is divided by x -— 2 is 3, what is the remainder when 
f(x + 1) is divided by x - 17 


6 Values of x and y were found by experiment and are given in the following table: 





wif 4 6 8 10 12 
y | 46 | 12.4 | 23.4 | 37.6 | 55.0 | 75.6 
































It is known that these values satisfy the equation y = ax? + bx where @ and b are 
constants. By drawing a suitable straight line graph, find approximate values for 
and b. 

7 (a) Show that the tangent to the curve y = e'*! where x = 1 passes through the origin 

and find the area enclosed by this tangent, the curve and the y-axis in terms of e. 
(b) Differentiate (i) 8%, (ii) 5, wrt x. 
(©) If J" 3%; =1n2, find the value of a. 





8 (a) If the nth term of an arithmetic progression is 4n — 7, find the sum of the first 40 
terms. 
(b) A geometric progression has first term a and common ratio r. 
Given that the sum of n terms is 422, show that 


art) = 22D 


If, in addition, the first and th terms are 32 and 162 respectively, find r and n, 
© 
9 (a) Find & ify? + 3x=8 -2y. 
(b) The parametric equations of a curve are x = 23, y =. Find (i) the Cartesian 
equation of the curve, (ii) the values of k if the tangent at the point with parameter 
passes through the point (2,4). 
10 (a) Prove the identity cot ® ~ cot 26 = cosec 28. 
Hence solve the equation cot @ = cot 26 + 3 for 0° < 6 < 360°, 
(b) If cos2A = 2, where A is an acute angle, find the value of tan A without using 
tables or a calculator. 





PAPER 8 (Answers on page 645.) 
sph pei ak (0 ag 
1G) Evaluate () ff ef ds. anf’ 
@ wat +s 
values of a and b. 
2 See 
Hence find the value of f de. 


1 Oer-e 








Differentiate In xe + 1 wrt x, simplifying your answer. 
det 
G42) 





for all values of x except 3 and -2, find the 
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2 Express 3 sin.x +2 cos.x in the form R cos(x — ct) where ois an acute angle. Hence 
find the maximum and minimum values of 3 sin x + 4 cos x and the values of 


x (0° $x 360°) where they occur. 
3 (a) If T= In(2x — 1), find the approximate change in T when x is increased from 
2102.01. 
Sketch the curve y= 1 +2sin 3 for-nsx<n. 
® = 3. find the area of the region bounded by the curve, the 


Given that cos 
aeaxis and the lines x =m. (Leave the answer in terms of m). 


(b) 











4 (a) Given that A is an acute angle and that tan A = 4, find (without using tables or 
a calculator) the values of (i) sin A. (i cos 2A, ii) sin 4. 


By expanding both sides of the equation 2 sin(x + 60°) = cos(x ~ 30°), show that 
tan x = -cot 30°. Hence solve the equation for 0° < x < 360°. 


(b) 


5 (a) When In y is plotted against x for a certain function, a straight line is obtained 
passing through the points (1,3) and (3,-1). Express y in terms of x. 

(b) A production line assembling computers is to be run down. Production started at 
500 per week but this is reduced by 15% each week. When production first 
reaches 100 or less computers in a week, the line will be shut down at the end of 
that week. For how many weeks will it be operated? 

(©) Solve the equation x° + 12 =x + 8x. 

6 (a) AGP with r> 0 is such that the sum of the first two terms is 7 and the third term 
is 24, Find r and the sum to infis 


(b) The fourth term of an AP is 14 and the eleventh (and last) term is 35. Find the 
sum of the last 6 terms. 





7 Measured values of x and y are given in the following table: 





x{1 [2 13 J4 [5 |6 |7 





y | 5.1] 46) 4.2] 3.8] 3.2) 24) 14 
































It is known that x and y are related by the equation y* = a + bx. 

Explain how a straight line graph may be drawn to represent the given equation and 
draw it for the values given. 

Use the graph to estimate the value of a and of b, Estimate the greatest possible value 
of x. © 


8 (a) Solve the equation 3? ~ 10(3%) +1 
(b) On the same axes, draw the graphs of 
your graph, find approximately 
(i) the solution of the equation x In(1 +x) = 1 and 
(ii) the value of e'. 





In(1 +x) and 





! for }$x$4, From 
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In(tan x), show that & = 25. Hence find J cosec 2x dx. 


(b) Calculate the area of the region enclosed by the curve y= -/y, the x-axis and 
the lines x = 2, x= 4. 
(©) Given that sin y = e*, show that © = tan y. 








10 The parametric equations of a curve are x= P, y= ¢— 41°, Find 
(a) © in terms of t, 
(b) the coordinates of the turning points of the curve, 
(©) the values of r where the tangent to the curve is parallel to the line 3y = 4x + 2, 
(d) the Cartesian equation of the curve. 


PAPER 9Q (Answers on page 646.) 


1 (@) Differentiate wrt x (i) 1535, (i) (x - 22x - 3)° simplifying your answers. 








2 
(b) Evaluate (i) [* 55. di) [? 2 cos ax ax. 
2 (a) The first 3 terms of a GP are x + 1, x - 3 and x - 6. Find 
(i) the value of x, (ii) the sum to infinity of the GP. 
(b) Find the sum to infinity of the GP ;5 + j 
The sum of the first five terms of an AP is 55 and the sum of the four terms from 
the 6th to the 9th (inclusive) is 116. Find the AP. 





1 
Tpt 


© 


3 (a) Fig. R7 shows part of the curve y = cos x. Find the shaded area. 





Fig. R7 


(b) Sketch the curve y =e, Find 
(i) the equation of the tangent to the curve where x = 0, 
ii) the x-coordinate of the point where this tangent meets the x-axis 
(iii) the area of the region enclosed by this tangent, the curve, the x-axis and the 
line x = 2. 
[Leave your answer in terms of e]. 
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9 Variables x and y are believed to be connected by the equation ¢ + 2 = 1. The 
following set of values was obtained in an experiment to test the equation: 





x| 2 3 4 6 8 





y]}88]5s| 5 [44] 41 


























By drawing a suitable straight line graph for these values, show that the equation is 
true and estimate the values of a and of b. 
10 (a) Solve, for 0° < x $ 360°, the equations 

(i) 3 cos 2x=2+cos.x, (ii) cot} = =I. 

(b) If tan A = 2 tar. B, show that tan(A - B) = 








PAPER 10 (Answers on page 646.) 


1 (a) The first term of a GP is 3 and the common ratio is 3. 
Find the greatest number of terms which can be added for their sum to be less 
than 200. 
(b) An AP has 15 terms and the last one is 44. The sum of the last ten terms is 305. 
Find the AP. 


2 (a) The polynomial 2x? + x? + ax + b has (x - 2) as a factor and leaves a remainder 
of ~4 when it is divided by (x — 1). Find the values of a and of b and hence 
factorize the polynomial. 

Without using tables or a calculator, find the value of 

log, 24 - log, 6 + log, 64 - 2 log, 4. 

Solve the equation 2"? + 1 = 





tt) 





«) 


3 (a) Differentiate wrt x: (i) tan 3 (ii) sin’ 2x (iii) V1+ sinx 


ven the curve y =.x° + 4, find (i) the equation of the tangent where x = 2, 


) the coordinates of the point where this tangent meets the curve again, 
Find the area enclosed by this tangent, the curve and the line x = 1. 








4 @) @ Ife tan §, show that sin 5 = 7 and find a similar expression for 
-cos § in terms of ¢. 

(ii) Hence show that sin x= 7245 and that cos x . 
Using these results show that the equation cos x = 2(1 + sin x) reduces to the 
equation 37 + 41 + 1 = 0 and hence find the values of x which satisfy the 
|, equation for 0° <x < 360°. 
(i) Differentiate tan’ x wrt x. 
(ii) Show that tan* x = sec* x tan® x - sec? x + 1. 


(iii) Hence, using these results, find J* tant x dx. 











(b) 
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‘Two particles A and B are moving in the same direction on parallel horizontal tracks. 
‘Ata certain point the particle A, travelling with a speed of 7 m s“ and accelerating 
uniformly at 1.5 m s” overtakes B travelling at 3 m s“' and accelerating uniformly at 
2.5 m s*. Calculate the period of time which elapses before B overtakes A. 

If, after this time, B then ceases to accelerate and continues at constant speed, 
calculate the time taken for A to overtake B again. 

A particle is projected vertically upwards from the ground with a speed of 36 m s"!. 
Calculate 

(a) the time for which it is above a height of 63 m, 

(b) the speed which it has at this height on its way down, 

(c) the total time of flight. (C) 





From the foot of a vertical cliff 28.8 m high, a stone was projected vertically upwards 
So as just to reach the top. Find its velocity of projection. 

One second after the first stone was projected, another stone was allowed to fall from 
rest from the top of the cliff. The stones passed one another after a further 1 seconds 
at a height A m above the ground. Calculate the value of ¢ and of h. (Cc) 


Two particles, X and Y, are moving in the same direction on parallel horizontal 
tracks. At a certain point O, the particle X, travelling with a speed of 16 m s* 
and retarding uniformly at 6 m s®, overtakes Y, which is travelling at 8 m s“! and 
accelerating uniformly at 2 m s. 














Calculate 

(a) the distance of ¥ from O when the velocities of X and Y are equal, 

(b) the velocity of X when Y overtakes X. © 
A particle X is projected vertically upwards from the ground with a velocity of 


80 ms“, Calculate the maximum height reached by X. 

A particle Y is held at a height of 300 m above the ground. At the moment when X 
has dropped 80 m from its maximum height, Y is projected downwards with a 
velocity of v m s"'. The particles reach the ground at the same time. Calculate the 
value of v. © 


A man running a 100 m race accelerates uniformly from rest for the first T seconds 
and reaches a velocity of 10 m s. He maintains this velocity for the rest of the race. 
His time for the race is 12 s. Sketch a velocity-time graph. 

Calculate 

(a) the value of 7, 

(b) the acceleration, 

(c) the distance the man runs before he reaches his maximum speed. © 


A car moves along a straight level road, accelerating from rest at a constant rate for 
9.6 s over a distance of $, m until it reaches a speed of V m s"!. Express S, in terms 
of V. 

Itthen accelerates at a constant rate of 2.5 ms? over a distance of S, m until it reaches 
a speed of 25 m s, Express S, in terms of V. 

Given that the car has now travelled a total distance of 152 m, calculate the possible 
values of V. Using the smaller of these values, calculate the time taken to attain a 
speed of 25 m s"! from rest. © 
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Let us consider another case of a man rowing a boat on a river. Suppose he rows the 
boat at a velocity a and the river is flowing at velocity b. Then the resultant velocity of 
the boat is ¢ = a + b (Fig. 21.3). Hence the actual path of the boat will be along OC. 





Fig. 21.3 


(course) 


This path is called the track of the boat and the actual speed along the track is called 
the ground speed. The direction of a is the course (which is the direction the boat would 
have moved if there were no current). In diagrams, it is helpful to mark vectors with 
different numbers of arrows. Thus in Fig. 21.3, we use the following notations: 


course vector marked with | arrow =» ———> 
current vector marked with 2 arrows |§ ———> 
track vector marked with 3 arrows = ——>>> 


Then we have: 


course vector + current vector = track vector 
(1 arrow) (2 arrows) G arrows) 


‘The track vector is the resultant of the other two vectors. 


Another practical example is the case of an aircraft flying in a wind. The aircraft has 
a velocity a through the air (Fig. 21.4). Its direction is the course (like in the case of the 
boat) and its speed along the course is the airspeed. The aircraft is also affected by the 
wind with velocity b. As a result, the actual velocity ¢ is the resultant of the velocity of 
the aircraft and that of the wind. Like the case of the boat, the actual path is called the 
track and the speed along the track is the ground speed. The same arrow notations are 
used, with the current velocity replaced by the wind velocity. It should be noted however 
that a current is described as moving towards a certain direction whereas a wind is 
described as coming from a certain direction so a current in the direction NE is moving 
in the direction 045° whereas a NE wind is actually moving in the direction 225°, 















Fig. 21.4 


(course) 


Just as we can combine component velocities to obtain a resultant velocity, we can also 
resolve (‘split’) a velocity into its components. Particularly useful is the resolution of a 
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(a) Relative to the water, the boat will move at 1.2 m s" perpendicular to the banks 
(Fig. 21.7); but the water, moving at 0.9 m s*, simultaneously carries the boat 
along parallel to the banks. The boat therefore moves crabwise,across pointing at 
right angles to the bank. The resultant of the course vector (OA) and the current 
vector (OB) is the track vector (OC). Hence the path of the boat is along OC. 
The actual velocity of the boat is represented by the resultant (track) vector and 
it has magnitude VO. + 1.2? = 1.5 m s* at an angle @ to the bank where 





(b) The boat moves along the track OC and will reach the opposite bank at P. 
distance of OP 


The time taken Speed along the wack 


= 752 (using similar triangles, OP = 0) 
= 500s or 8 min 20s. 
(Note: The time taken can also be found more simply by considering the course 


distance of OQ 600 


component of velocity, thus time taken = = along couse 7 1? 7500 s.) 








Example 2 


An aeroplane has an airspeed of 200 km tr! and flies on a course of N30°E. A wind 
is blowing steadily at 50 km h! from the NW. Find, by drawing or calculation, the 
track and ground speed. 


1 By trigonometry 


In Fig. 21.8, OC is the course vector (1' arrow), 
OW the wind vector (2 arrows). 

OC + OW = OT, the track vector (3 arrows) 
which nas speed v and ZCOT = 0. 

From AOCT, using the cosine rule, 

¥? = 200? + 50? ~ 2 x 200 x 50 x cos 75° 
giving v= 193. 

Hence the ground speed is 193 km hr. 


| sin@ _ sin7s° 
By the sine rule, “x = sins 


Hence the track is N44.5°E. 





giving @ = 14.5°. 
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AT = vi (no j component) 
AC = (150 cos @)i — (150 sin 8)j 
AW = (30 cos 85°)i + (30 sin 85° 
3 
Rt =AC+ AW 
‘Therefore vi = (150 cos 0 + 30 cos 85°)i + (30 sin 85° — 150 sin 0)j 
Equating the j components, 

0 = 30 sin 85° - 150 sin @ giving @ ~ 11.5° as before. 
Equating the i components, 

v = 150 cos @ + 30 cos 85° giving v = 149.6 
and the time taken can be obtained as before. 

(b) By trigonometry A Fig. 21.12 
The starting point is now airfield B (Fig. 21.12). 
BW is the wind vector, BC the course vector 
(airspeed 150) and BT is the track vector. 


From ABCT, using the sine rule, 
sing _ sings° 
300 (~~ 150 
Hence the course for the return journey 

should be 331.5°. 





giving 9 = 115°. 


Verify that this can also be solved using 
unit vectors as in (a). 





(Answers on page 649.) 


1 Find the resultants (giving both magnitude and direction) of the following velocities 
by trigonometry or using unit vectors: 
(a) 5-km br! due north and 3 km h! due east 
(6) 8 ms" north-east and 5 m s* north-west 
(©) 10 ms" north 60° east and 4 ms" east 
(@) 40 km hr! on a bearing 050° and 40 km h! on a bearing 110° 


2 A steamship is sailing due north at 20 km hr'. There is a wind of 15 km he! from the 
west. Find the direction in which the smoke from the funnel is drifting. 





3 A ship is travelling at 10 m s*. A ball is rolled across the deck (at right angles to the 
motion of the ship) at 4 m s*'. Find the actual velocity of the ball relative to the 
ground. 
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stream with the bank, find 
(a) the distance where he lands from the point directly opposite A, 
(b) the time taken to cross the river. 





13 An aeroplane can fly at 300 km hr! in still air and there is a wind blowing from the 
direction 060° at a constant rate of 40 km fr. 
(a) What course should the pilot take to reach an airfield 200 km due N of his starting 
point? 
(b) If he takes this course, how long will the flight last? 
(©) What course should be taken for the return flight (the wind being as before) and 
how long will this flight last? 


14 The speed of a helicopter in still air is v km h!. The pilot leaves A and flies on a 
course 067°. There is a wind of 50 km h~' blowing from the direction 020°. After 45 
minutes, the helicopter is above a point B which is due E of A. Find 
(a) the value of v to the nearest km hr!, 

(b) the distance AB. 





RELATIVE VELOCITY 


Consider two aeroplanes A and B flying at the same height. A is flying at 200 km h-! due 
N and B at 400 xm h-! on a course 030°. These are their velocities relative to the ground 
and are their true velocities. To the pilot of A, however, B will seem to have a different 
velocity because he himself is moving. We call this apparent velocity, the velocity of B 
relative to A and we write this as BvA. Similarly B will see A moving with the velocity 
of A relative to B or AvB. 

In general, suppose a represents the velocity of A and b the velocity of B (Fig. 21.13). 
Then OA =a and OB = b. 





Fig. 21.13 





Let us reduce A to rest (theoretically) by introducing a velocity -a. A is now not moving. 
In order to preserve their relative position, we must also give B the same velocity ~a. B 
now has 2 velocities, b and -a and the resultant of these is OR. OR represents the velocity 
of B as seen from A (as A is not moving). But OR = AB = b — a, Hence the velocity of 
or BvA = b—a. Similarly, AvB 





B relative to A is b — 
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We can now find ByA for the two aeroplane. From Fig. 21.14, 
| BvA [? = 200? + 400° - 2 x 200 x 400 x cos 30° 
giving | BvA| = 248. 


N 


Fig. 21.14 





Also 38? = S83 giving @ = 23.8°. 


Therefore ZNAB ~ 30° + 23.8° = 53.8°. 
Hence the velocity of B relative to A is 248 km h"' in the direction N53.8°E. 


Note: Problems on relative velocity may also be solved by drawing if the rubric of the 


question does not forbid it (see Example 6). 


B 
[We can also work with unit vectors as follows: 


Take i along OF and j along ON (Fig. 21.15) 
a = 200j 
and b = (400 sin 30°)i + (400 cos 30°)j 
= 2001 + (200 Y3)j 
So BA =b-a 
200i + (200 V3 - 200)j 
= 200i + 146.45 Fig. 21.15 





Hence | Beal? = 200? + 146.4? (Fig. 21.16) 
giving | BvA|? = 248 

and tan o = 72, giving 9 = 53.8°. 

Hence BVA is 248 km hr! in the 


146.4) 
direction N53.8°E as before.) 


Fig. 21.16 





o 2008 E 
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Example 4 


Rain is falling vertically at 5 km kr! A man is sitting by the window of a train 
travelling at 40 km Ir!.In what direction do the raindrops appear to cross the window's 
of the train? 





(ain relative to train) 
t 


(rain) 


(train) 


Fig. 21.17 


‘The vectors are shown in Fig. 21.17. 
The velocity of the rain relative to the train =r —t. 

So tan @ = 3, giving @ = 7.1°. 

Thus the rnin drops appear to crocs the windows a 7.1°t the horizontal 








Example 5 


A ship is sailing due north at a constant speed of 12 knots. A destroyer sailing at 36 
knots is 30 nautical miles due east of the ship. At this moment, the destroyer is ordered 
to intercept the ship. Find 

(a) the course which the destroyer should take, 

(b) the velocity of the destroyer relative to the ship, 

(c) the time taken for the destroyer to reach the ship. 

[It is assumed that both the ship and the destroyer do not change their velocities. 


c 


z 


1 
12 t 
| 





Fig. 21.18 


Fig.21.18 shows the positions of the ship S and the destroyer D. We reduce S to rest 
by introducing a velocity of 12 knots due south to both S and D. Then the course of 


D is DC and, to intercept S, its track (DT) must lie along DS. 
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(a) From ADTC, sin @ = 32 giving @ = 19.5°. 
Hence the course the destroyer should take is 270° + 19.5° = 289.5°. 
(b) The velocity of D relative to S is 
DiS = DT 
Therefore | Dv |? = 36? - 12? giving | Dvs| ~ 33.9. 
Hence Dr$ is a 9 knots due W. 
(©) Time taken = 345 h = 53 min. 
Hence the destroyer will intercept the ship in 53 minutes. 
[By vectors, take i along DT and j along TC, then 
DiS =d-s 
ise. vi = (36 cos @)i + (36 sin 0)j ~ 125 
= (36 cos @)i + (36 sin @ ~ 12)j 
Therefore 0 = a sin @ ~ 12 (equating the j components) 
ie. sind = 22 giving @ = 19.5° as before. 
Also v = 36 cos @ = 33.9. 


Hence Des is 33.9 knots due W and the time taken can be calculated as before. 








Example 6 


To a man travelling in a car in the direction 060° at 40 km hr", the wind appears to be 
blowing from the east at 10 km Ir'. Find, by drawing or calculation, the true velocity 
of the wind. ‘i gs 


4 
i 
1 
t 
I 
1 





Fig. 21.19. (4---------—--« 


1 By calculation (using trigonometry) 
=> 
Fig. 21.19 shows the vectors: OC = velocity of car, OW = true velocity of wind and 
WvC (the velocity of the wind relative to the car). 





Since Wve = OW - OC 
OW = WE + OC 
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By the cosine rule, 








| OW [? = 40? + 108 2 x 40 x 10 x cos 30° giving | OW | ~ 31.7. 
Also, S52 = Si030° giving @ = 9.1°, 


Hence the true velocity of the wind is 31.7 km hv! towards the direction (60° — 9.1°) 
= 50,9° or from the direction 230.9°. 


2. By calculation (using vectors) 
[By vectors, take i along OF and j along ON. 
O€ = (40 sin 60°) + (40 cos 60°)j = (20 -V3)i + 20 
WiC = -101 

en ah ag 3 

OW = OC + WoC = (20V3 - 101 + 205 

[OW [? = (20 V3 - 10)? + 20° giving | OW | ~ 31.7. 


20 3-10 


Also, tan 9 = 20% 


giving 9 = 509°. 
‘Thus we obtain the same results as before. 


3. First draw a sketch and label it with all the information given (it should be a rough 
version of Fig. 21.19). The actual drawing must be done carefully. Choose a 
suitable scale to ensure reasonably accurate results, say | cm for 4 km h*, 

Draw a north line ON as in Fig. 21.19. 

From O, draw OC 10 cm long with ZNOC = 60°. 
From C, draw CW 2.5 cm long parallel to OE. 
Join OW. 

‘Measure OW (and convert to km hr) and ZNOW. 
Compare with the calculated values above. 








Exercise 21.2 (Answers on page 649.) 


1 Aeroplane A is flying due N at 150 km h~', Aeroplane B is flying due E at 200 km h, 
Find the velocity of B relative to A. 


2 Two cars A and B are travelling on roads which cross at right angles. Car A is 
travelling due east at 60 km h!, car B is travelling at 40 km h! due north, both going 
towards the crossing. Find the velocity of B relative to A. (The magnitude and 
direction must be given]. 


3A passenger is on the deck of a ship sailing due east at 25 km hr. The wind is blowing 
from the north-east at 10 km hr!. What is the velocity of the wind relative to the 
passenger? 


4 A road (running north-south) crosses a railway line at right angles. A passenger in a 
car travelling north at 60 km h* and 600 m south of the bridge, sees a train, travelling 
west at 90 km h-', which is 800 m east of the bridge. Find the velocity of the train 
relative to the car. 
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5 To aman in a car travelling at 20 km h~ north-east, the wind appears to blow from 
the west with speed 16 km h~!, Find the true velocity of the wind. 


6 Aeroplane A is flying at 400 km hr! north-east and sees aeroplane B which is 
apparently flying north at 500 km h-!, What is the true velocity of B? 


7 An unidentified aircraft is reported as flying due north at 500 km hr", A fighter plane, 
which is 100 km on a bearing of 225° from the unknown plane is ordered to contact 
it. Ifthe fighter can fly at 800 km hr!, what course should it take? After how long will 
it be in contact? 


8 Aman ona ship steaming due south at 12 km hr" secs a balloon apparently travelling 
due west at 15 km hr". Find the true velocity of the balloon, 


9 Two ships A and B are 30 km apart with B due south of A. A is sailing at 10 km h! 
in the direction 120° while B is sailing at 15 km hr in the direction 045°, 
(a) Find the velocity of A relative to B. 
(b) Calculate the time taken for B to be due west of A. 


10 A helicopter is flying on a course 060° with speed 100 km h*. An aeroplane, which 
is 50 km due east of the helicopter, can fly at 200 km h~'. What course should the 
aeroplane take to intercept the helicopter? 

11 Toa ship sailing due N at 20 km he another ship appears to be moving with a velocity 
of 12 km hr" in the direction 120°. Find the true velocity of this ship. 

12 A ship A is heading north at 20 km h and at 1200 h is 50 km south-east of a ship B. 
If B steers at 25 km he so as to just intercept A, find 
(a) the direction in which B must travel, 

(b) the time when the interception takes place. 

13 A man is walking along a horizontal road at 1.2 m s"'. The rain is coming towards him 
and appears to be falling with a speed of 4 m s“ in the direction which makes an angle 
of 60° with the horizontal. Find the actual speed of the rain and the angle this speed 
makes with the horizontal. 

Find the speed and the angle with the horizontal which the rain would appear to 
make if he walked at the same speed in the opposite direction. 


SUMMARY 


© Composition of velocities 
If a body has 2 velocities a and b, the resultant 
velocity ¢ is given by e=a+b. Ifa 
and’b are represented by the sides of a 
parallelogram, then ¢ is represented by the 
diagonal as shown in the diagram. 
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© Resolution of velocities Fig. 21.21 
Itis useful to resolve a velocity r into 2 

perpendicular components, usually along the y 

x and y-axes, Unit coordinate vectors i ' 

and j are often used as shown in the diagram. 4 
Also |r| =r=Vp+q, pi 


p=rcos 0,q=rsin @ and tan 0 = 4 ° 


© Notation Fig, 21.22 


eo acco Shy 
———>>_ wind/current vector course i, 
—>>>__s tack vector 


‘The track vector is the resultant of the other 2 vectors. 


© Relative velocity 
aS man 
BvA means the velocity of B relative to A. b eA 


BA =b-a 
where b = velocity of B a 
and a = velocity of A. Fig. 21.23 





REVISION EXERCISE 21 (Answers on page 649.) 


1 A river is 160 m wide and runs at 1.2 m s“ between straight parallel banks. A man can 
row at 2m s* in still water. 
(a) If he rows in a direction perpendicular to the banks, how far downstream will he 
land? 
(b) At what acute angle (to the nearest degree) to the bank should he now row to 
return to his starting point? 





2 A small aeroplane can fly at 200 km hin still air. There is a wind of 50 km hr! from 
the east. If the pilot wishes to fly due south, what course should he take and what is 
his ground speed? 

The pilot keeps this course but the wind changes and the pilot finds that his ground 
speed is 200 km hr" in the direction 190°. Calculate the new velocity of the wind. 
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An aeroplane can fly at 300 km hr" relative to the air. If there is a wind of 60 km ht 
from the east, what is the least time in which the aeroplane can reach a point 600 km 
south-west of its starting point? 


‘An aeroplane has a speed of V km hr! in still air and there is a wind of ¥ km hr! 
blowing from the NE. Find the course that must be taken if the pilot wishes to reach 
a point due east. 


A destroyer detects the presence of a vessel at a range of 30 nautical miles on a bear- 
ing of 060°. The vessel is steaming on a course of 150° at a speed of 15 knots. If the 
destroyer steams at 22 knots determine either by drawing or by calculation the course 
the destroyer must steer so that its velocity relative to the vessel is in a direction 060°. 
Hence determine the time taken for the destroyer to intercept the vessel if neither 
changes course. © 


A helicopter whose speed in still air is 40 km h*, flies to an oil platform 60 km away 
on a bearing 060°. The wind velocity is 15 km h! from due north. Sketch a suitable 
triangle of velocities and find 

(i) the bearing on which the helicopter must fly, 

Gi) the time taken to reach the platform. © 





Two canoeists, A and B, can paddle in still water at 6 m s"! and 5 m s* respectively. 
They both set off at the same time from the same point on one bank of a river which 
has straight parallel banks, 240 m apart, and which flows at 3 m s. A paddies in the 
direction that will take him across the river by the shortest distance whilst B paddles 
in the direction that will take him across the river in the shortest time. Determine 
(i)_ the direction in which A must paddle, 

(ii) the direction in which B must paddle, 

(iii) the time taken by each canoeist, 

(iv) the distance between the points at which they land. © 





A plane flies in a straight line from London to Rome, a distance of 1400 km on a 
bearing of 135°. Given that the plane's speed in still air is 380 km fr!, that the wind 
direction is 225° and that the journey takes 4 hours, determine 

(i) the wind speed, 

(ii) the direction the pilot should set for the flight. 

Find also the direction the pilot should set for the return flight, assuming that the 
speed and direction of the wind remain unchanged. © 


A tanker is sailing on a fixed course due west at 30 kmh. Ata time of 0900 a 
destroyer wishing to refuel is 160 km away on a bearing of 225° from the tanker. If 
the destroyer travels at 60 km h!, determine 

(i) the direction in which the destroyer should travel in order to reach the tanker, 
(ii) the time at which the destroyer reaches the tanker. (c) 


A cyclist is travelling due north at 20 km he! and finds that the wind relative to him 
appears to be blowing from a direction 040° with a speed of 30 km h'. Find the true 
speed and direction of the wind. 
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Assuming that the speed and direction of the wind remain unchanged, find the 
speed of the wind relative to the cyclist when the cyclist is travelling due south at 
20 km br’. «© 


An aircraft A is flying due east at 600 km h~' and its bearing from aircraft B is 030°, 
If aircraft B has a speed of 1000 km h find the direction in which B must fly in order 
to intercept A. If the aircraft are initially 50 km apart find the time taken, in minutes, 
for the interception to occur. ©) 


An aircraft whose speed in still air is 300 km hr" flies from A due north to B and back, 
where AB = 500 km. The wind velocity is 120 km br’ from 240°, Find 

(i). the bearing on which the aircraft must fly for the outward journey, 

(ii) the time of flight of the outward journey, 

(iii) the bearing on which the aircraft must fly for the return journey. © 


An aircraft is flying from a point A to a point B 400 km north-east of A, and a 
wind is blowing from the west at 50 km hr. The speed of the aircraft in still air is 
300 km he. Find 

(i) the direction in which the aircraft must be headed, 

ii) the distance of the aircraft from B one hour after leaving A. © 


(a) An aircraft flies in a straight line from a point A to a point B 200 km east of A. 
There is a wind blowing at 40 km fr’ from the direction 240° and the aircraft 
travels at 300 km he in still air. Find 
(i) the direction in which the pilot must steer the aircraft, 

(ii) the time, to the nearest minute, for the journey from A to B. 

() To an observer in a ship sailing due north at 10 km h-!, a second ship appears to 
be sailing due east at 24 km hr!. Find the magnitude and direction of the actual 
velocity of the second ship. © 





When a man walks at 4 km hr! due west, the wind appears to blow from the south. 
When he walks at 8 km hr! due west, the wind now appears to blow from the south 
west. Find, by drawing or calculation, the true velocity of the wind. 


Two ships A and B leave a harbour at the same time, A sailing due N at 20 km h!, 
B sailing at 25 km hr” in the direction 060°. Calculate 

(a) the velocity of B relative to A (stating the magnitude and direction), 

(b) the bearing of B from A in the subsequent motion, 
(©) the distance between the ships after 2 hours of sailing. 





An aeroplane has a speed of V km h”' in still air and flies in a straight line from A to 
B. There is a wind of speed $V km h blowing from a direction making an angle 0 
with AB where sin @ = $. Find 

(a) the angle which the course to be taken makes with AB, 

(b) the ground speed in terms of V. 
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18 A plane is scheduled to fly from London to Rome in 2+ hours. Rome is 1400 km from 
London and on a bearing of 135° from London. Givén that there is a wind blowing 
from the north at 120 km h~ find, by calculation or drawing, 

(i) the speed of the plane in still air, 

ii). the course which the pilot should set. 

Assuming that the velocity of the wind and the speed of the plane in still air remain 
unchanged, find 

(iii) the course which the pilot should set for the return journey. 

iv) the time taken, to the nearest minute. © 


19 (a) An aircraft is flying due south at 350 km h. The wind is blowing at 70 km hr! 
from the direction 6°, where @ is acute. Given that the pilot is steering the aircraft 
in the direction 170°, find 
(i) the value of 8, 

ii) the speed of the aircraft in still air. 

(b) A man who swims at 1-2 m s* in still water wishes to cross a river which is 
flowing between straight parallel banks at 2 m s“!. He aims downstream in a 
direction making an angle of 60° with the bank. 

Find 
(i) the speed at which he travels, 
(ii) the angle which his resultant velocity makes with the bank. © 





20 (a) Two particles, A and B, are 60 m apart with B due west of A. Particle A is 
travelling at 9 m s“ ina direction 300° and B is travelling at 12 ms" in a direction 
030°. Find 
(i) the magnitude and direction of the velocity of B relative to A, 

(ii) the time taken for B to be due north of A. 

(b) A wind is blowing from the direction 320° at 30 km h'. Find, by drawing or by 
calculation, the magnitude and direction of the velocity of the wind relative to a 
man who is cycling due east at 18 km h!. 


Projectiles 


In the previous Chapter, we dealt with motion of a body in a plane where the body has 2 
or more velocities. No acceleration was involved. 

We now take the discussion of motion in a plane further by considering the effect of 
gravity on the moving body. As in earlier work, we shall ignore resistance in our 
discussion. 


PROJECTILES 


If we throw a ball at an angle to the horizontal (not vertically — vertical motion under 
gravity was discussed in Chapter 20), the path of the ball will look like the curve in Fig. 
22.1. The ball is a projectile and the path is a parabola. 


o H 


Fig. 22.1 A 


The ball is projected from O, with speed u, at an angle @ (called the angle of 
projection) to the horizontal. H is the highest point reached and HM is the axis of the 
parabola. The ball reaches the ground again at R where OM = MR. OR is the range and 
the time taken from © to R is the time of flight. 


VELOCITY COMPONENTS 


‘The principle used in dealing with the motion is that the horizontal and vertical compo- 
nents of velocity are independent. The initial horizontal and vertical components of u are 
u cos @ and u sin @ respectively (Fig. 22.2). 


usin 





ucos 8 


Fig. 22.2 7 

The horizontal component u cos @ is not affected by gravity and thus remains constant. 
‘The vertical component is affected by gravity and changes continually as the projectile 
has an acceleration g vertically downwards. At any point P of the path, reached after time 
1, the vertical component will be u sin @ — gt (from v = u + at). 

So the components of velocity at time f are: 
horizontal component: V, = u cos @ 
vertical component: V, =u sin @ — gt Gi) 

The velocity v at P will actually lie along the tangent at P. 

In usual vector notation where i and j are unit vectors along the x- and y-axes 
respectively, 

v = (u cos @)i + (w sin 8 - gnj 


At R, by symmetry, the vertical component of velocity will be w sin @ downwards. 


Coordinates 
The coordinates of P at time ¢ referred to O (Fig. 22.3) will be 


x= (u cos Ot Gi) 
and y = (usin yr 3g? (iv) 
from 5 = ut + Sar’), 
(from 3a") fa 
x R 





Fig. 22.3 L. ee 
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Hence if r is the position vector of P, 
1 = [uw cos O)ti + [(u sin Ot — 5 ge°lj 


Greatest Height 
At the greatest height (h,..) at H (see Fig.22.1), the vertical component of velocity 
vV,=0 
y 
ie. w sin @ — gr = 0 (from (ii)) 


usin 0 
8 


Substituting this into equation (iv) gives 


giving = 





(time taken to reach the maximum height). 


usin @ 


we 








i.e. greatest height, h., = 3) 





Time of Flight 


The time of flight, 7, is obtained at R when the vertical displacement is zero (see 
Fig. 22.1), i. 


or (usin ®t - 3g? =0 (from (iv)) 
2usi08 (a RY 





giving =0 (at O) or t= 


ite. time of flight, T= dese (vi) 


Note that this is twice the time taken from O to H (see previous section on greatest 
height). 


Horizontal Range 


‘The horizontal range R, is obtained by substituting the time of flight, 7, into equation (iii), 
thus: 


x= (w cos 0)( 2428) 





UE sin @ cos @ 
= © sin 20 (since 2 sin @ cos @ = sin 26) 


i.e. the horizontal range R, = “= sin 26 (vii) 





From this equation, we can find the angle of projection for which the range is a 
maximum. 


Since the maximum value of sin 26 = 1, 26 = 90° 
ie. @=45°. 


Hence the range is maximum when the angle of projection @ = 45°. 
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The maximum range is then R,,, (iii) 





g 


In solving problems, you may make use of the equations (i) to (viii), but these must be 
memorized. Alternatively, this can be avoided by using the principle of independence and 
working from the beginning with the values given. In the first example that follows, we 
will use both alternatives. As in previous work, we will take g as 10 ms unless stated 
otherwise. 





Example 1 


A particle is projected from O with speed 30 ms" at an angle of 30° to the horizontal. 
Find 

(a) the time of flight, 

(b) the range on the horizontal ground, 

(c) the maximum height reached. 


“y 





30 sin 30° 
Fig. 22.4 


30 cos 30° 
(a) Using equation (vi), the time of flight is 
Ta 2H xsinw 3g 


(b) Using equation (vii), the range is 


sx sin? x30 _ 77.9 m (103 sig. fig) 


(©) Using equation (v), the maximum height is 
j= 302 xsin® 30° 


ms = 2x19 = 125m 





Alternative solution 





‘The initial components of velocity are 
30 cos 30° = 15V3 m s" horizontally 

and 30 sin 30° = 15 ms" vertically. 

(a) Consider the vertical motion. 


The time of flight is obtained when the particle is at R. At R, the vertical displace- 
ment from O is zero. 
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Using s = ut + Sat’, 

we have 0= 151-4 x 10x# 
giving = 0 (at O} or = 3 (at R). 
Therefore, time of flight is 3 s. 


(b) Now consider the horizontal motion. 
The horizontal range is obtained when 





's (time of flight). 














Therefore, R, = 15 V3 x 3 = 77.9 m (to 3 sig. fig.). 
(c) Formaximum height, we consider the vertical motion again. -t maximum height, 
the vertical velocity is zero. 
Using 2as = 2-1, 
we have 2(-10)s = 0? — 15? giving s = 11.25 m. 
Therefore the maximum height is 11.25 m. 
Example 2 


A ball is thrown with a speed of 20 ms and hits the horizontal ground 20 m away. 
Find the angle of projection 8. 


of | 2 


. 20 sin of 
Fig. 22.5 A 


20080 8 0 2m a 
The horizontal range = 20 m 


Using result (vii), 22° sin 2 = 20 giving sin 26 = 3. 
Therefore 26 = 30° or 150° 6 = 15° or 75°. 


So there are 2 possible angles of projection (15° and 75°) for a given range. (Note that 
these add up to 90°. This is generally true except when the range is a maximum, in 
which case there is only one angle of projection, viz. 45° (Fig. 22.6).) 





0 +9=90° 


Fig.22.6 

















Example 3 


A golf ball is struck at an angle @ where tan @ = %, with an initial speed of 25 ms. 
Find 

(a) when the ball is at a height of 1S m above the ground, 

(b) the distance between the positions of the ball when it is 1 m above the ground. 


25sine 
Fig. 22.7 ° R 
25c0s@ 


If tan @ 





then sin @= $ and cos @ 
(a) Consider the vertical motion. 
When the ball is 15 m above the ground (at P and Q) at time 1, we have 
(using s = ut + jar), 
15 = (25 sin Or + $(-10) 
ie, 15 =25($)t-Se 
or SP -20r+15=0 








P-4t4+3= 
(t-DE-3)=0 
giving = 1,3 


Hence the ball is 15 m above the ground 1 s and 3 s after being struck. 
(b) The horizontal displacement after 1 s, 

5, = (25 cos @)1 = 25( ) = 15 

The horizontal displacement after 3 s, 

5, = (25 cos 6)3 = 25( 3)3 = 45 

Hence the distance between P and Q is s,~ 5, = 30m. 
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Example 4 


From the edge of a cliff 60 m high, a stone is thrown into the air with speed 10 ms" 
at an angle of 30° to the horizontal (Fig. 22.8). Find 

(a) the time of flight, 

(6) how far from the foot of the cliff it strikes the sea, 

(c) the velocity with which it strikes the sea. 


Fig. 22.8 





The initial components of velocity are 10 cos 30° (= 5 V3) horizontally and 10 sin 30° 
(= 5) vertically (upwards). 
At time ¢, the coordinates (referred to O) are 

x= (5N3)t and y = 5-52. 


(a) When the stone reaches the sea, y = ~60. 
So 5t-5P =-60 ie. P-1-12=0 
or (t—4)(¢+3)=0 giving r= 4 or -3. 
Hence the time of flight is 4 s (-3 is not valid). 


(b) When 1 = 4, x = (5V3) x 4 = 20V3 ~ 34.6 
Hence the stone strikes the sea 34.6 m from the foot of the cliff. 








© 


When it strikes the sea at R, the horizontal component of the velocity remains 
unchanged at 5V3 m s"!. The vertical component v ms is given by 


v=5—10(4) =-35 
Hence the vertical component is 35 m s“' downwards (Fig.22.9). 
ne 


0 





35] 


Fig. 22.9 ae 
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‘Therefore the magnitude of the velocity = V(5 V3)? + 35° ~ 36 and the angle 0 it 
makes with the horizontal is given by 


35 6 
tan 0= giving 6 = 76°. 


Hence the stone strikes the sea with a velocity of 36 m s"' at 76° to the horizontal. 





Exercise 22.1 (Answers on page 650.) 


[Take g = 10 ms? in numerical questions.] 


1 For each of the following projectiles with an initial speed V at an angle @ to the 
horizontal as given below, find (a) the time of flight, (b) the range and (c) the maxi- 
mum height reached. 





(iii) V = 30 ms", tan @ = 3 


(iv) V = 26 ms", tan @ = 5 


» 


A particle is projected from a point O on horizontal ground with a speed of 30 m s“ 
at an angle of @ to the horizontal where tan @ = 3. 
Find (a) the time of flight, (b) the magnitude and direction of the velocity of the 


particle after 4 seconds. 


w 


If a ball is thrown upwards with speed 12 m s“ at an angle of 30° to the horizontal, 
at what times after the start is it | m above the ground? What is the maximum height 
reached? 


a 


A stone is thrown with speed 12 m s* at an angle of 60° to the horizontal but hits a 
vertical wall 9 m away. How high above the ground does it hit the wall’ 


wn 


A ball is thrown at an angle of 60° to the horizontal with a speed of 15 ms“, At what 
times after the start is it moving in a direction making an angle of 45° with the 
horizontal? 


a 


A rifle is held horizontally and aimed at the centre of a target 100 m away. If the 
bullet emerges with speed 400 m s"!, how fur below the centre of the target does it hit 
the target? 


x 


A ball is thrown from a height of 5 m above level ground with a speed of 10.m sat 
an angle of 30° to the horizontal. After what time does it strike the ground and how 
far horizontally ‘is this? At what angle does it strike the ground? 


ES 


A stone is thrown at an angle @ (tan @ = 4) to the horizontal so that it just passes over 
the top of a wall 3 m away horizontally. If it takes 4 s to reach the top of the wall, find 
(a) the speed of projection, 

(b) the height of the wall. 
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SUMMARY 





u = initial velocity 
© = angle of projection 
OR = horizontal range 
H = highest point reached 


maximum height 





h, 





Initial components of velocity: 





Coordinates at time #: x= (w cos @)r 
(usin @r— Sgr 





Time of flight: oe Se 








£ 
Horizontal range (OR): R, = © sin 20 
Maximum range: R.., = © (when @ = 45°) 
Maximum height: h age 


(Note: The time taken to reach maximum height = } the time of flight = 








usin 6 
8 
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REVISION EXERCISE 22 (Answers on page 650.) 


1 A particle is projected from a point O on horizontal ground and moves freely under 
gravity. When the particle is at a horizontal distance of 12 m from O, it achieves its 
greatest vertical height which is 8 m. 

Calculate 

(a) the angle to the horizontal at which the particle was projected, 

(b) the speed of projection, 

(©) the time from leaving O which elapses before the particle again reaches ground 
level, 

(d) the horizontal range. w) 


x 


A gun fires shells with speed 280 m s“ from a point of a horizontal plane. The shells 
move freely under gravity. Prove that the greatest range on the plane is 7840 m and 
state the angle of elevation at which a shell must be fired for this maximum range. 

A target on the plane is at a distance of 3920 m from the gun. Find the smaller 
angle of elevation at which a shell should be fired in order to hit the target. Find also 
the greatest vertical height attained by this shell during its flight. © 





w 


A particle is projected horizontally at 35 m s” from the top of a cliff which is 80 m 

above sea level. 

(a) Show that the particle strikes the water after 4 seconds. 

(b) Find the horizontal distance travelled by the particle before it strikes the water. 

(c) Find the vertical component of the velocity of the particle when it strikes the 
water. 


Hence find the angle made by the path of the particle with the horizontal when 
the particle strikes the water. © 


@) 


. 


An aircraft A is flying with constant velocity 100 m s" in a straight line and at a 

constant height of 980 m over the sea. At the instant when A is vertically above an 

anchored observation ship’S, a bomb is released. The bomb falls freely under gravity 

and hits the sea at a point T. 

(a) Explain why A is vertically above T at the instant when the bomb hits the sea. 

Calculate 

(b) the time taken by the bomb to reach the sea from the instant of release from the 
aircraft, 

(c) the distance of T from S, 

(d) the vertical component of the velocity of the bomb at the instant when the bomb 
hits the sea. (L) 





A projectile has an initial speed of 84 m s“' and rises to a maximum height of 40 m 
above the level horizontal ground from which it was projected. Calculate 

(a) the angle of projection, 

(b) the time of flight, 

(©) the horizontal range. (L) 


492 


ii) the magnitude and direction of the velocity of the projectile 4 seconds after 
firing, 

ii) the range of the projectile on the horizontal plane through the point of 
projection. © 





10 From the top of a building 45 m high a stone is projected upwards with speed V m s* 
at an angle of 30° to the horizontal. Two seconds later another stone is let to fall from 
rest. If the stones reach the ground at the same time, find the value of V. 


11 Fig. 22.11 shows an end view of a house. A particle is projected from the topmost 
point T horizontally with speed V m s". If it is not to hit the roof again, what is the 
minimum value of V? 





Vms* 


Fig. 22.11 


12 A target is set on a hillside and is 50 m horizontally from a point O on ground level. 
‘Aman tries to hit the target by firing from O at an angle of 60° to the horizontal, the 
speed of the projectile being 40 m s". If he hits the target, what is its vertical height 
above O? 

To knock the target over, the projectile must have a speed greater than 25 m s“. 
Can he do this? 


13 A golf ball i struck from a point A on level ground with speed 35 m 
of @ to the horizontal where sin @ = 4. Two seconds later, another ball is struck from 
a point very close to A and both balls hit the ground at the same time and at the same 
place, Find the initial speed and direction of the second ball. 

A stone attached to a string is swung in a vertical circle of radius 1 m whose centre 
is 1.5 m above the ground. When the stone has completed 3 of a revolution starting 
from the highest point of the circle, the string breaks and the stone flies off along the 


tangent at that point with speed 2V3 m s~'. How far horizontally from the centre of the 
circle does it hit the ground? 








= 








15. ball is projected from a point O at an angle @ to the horizontal. Simultaneously, a 
stone is dropped from a point P which is 36 m horizontally and 48 m vertically from 
. If the ball and stone collide, show that tan @ = 4 
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16 A particle is projected from a point A on level horizontal ground with a speed of 
40 m s* at an angle 6 to the horizontal where tan 8 = z. Find 
(i) the maximum height reached, 
(ii) the time taken first to reach a height of 44 m above the ground, 
(iii) the speed of the particle after 1 second. 
Determine, with full working, whether or not the particle will clear a vertical wall, 
10 m high, the base of which is 144 m away from A. © 


17 A particle is projected from a point A on level horizontal ground with a velocity which 
has a horizontal component of X ms“! and a vertical component of ¥ ms“, After 4 s 
the particle passes through a point that is 40 m higher than A and at a horizontal 
distance of 180 m from A. Calculate 
(i) the value of X and of ¥, 

ii) the speed of projection, 

(iii) the angle of projection, 

(iv) the greatest height reached. 

Given that the particle hits the ground at B, calculate 

(v) the time taken to reach B, 

(vi) the horizontal distance AB. © 


18 A particle is released from rest atthe highest point A of a smooth plane which is 
inclined at @ to the horizontal, where sin @ = 2. The particle slides down a line of 
steepest slope and leaves the plane at its lowest point B, where AB is 3 m, Show that 
the particle reaches B with a speed of 6 m s“' and hence find the vertical and horizontal 
components of the velocity of the particle at B. 





Fig 22.12 


On leaving B the particle travels as a projectile under the action of gravity, striking the 
horizontal plane through C at the point P. Given that B is 11 m vertically above C, 
calculate 

(i)_ the vertical component of the velocity of the particle at P, 

(ii) the magnitude of the velocity of the particle at P, 

(iii) the inclination to the horizontal of the path of the particle at P, 

(iv) the time taken for the particle to travel from B to P, 

(v) the distance PC. © 
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Weight 


If [hold a brick, I feel it exerting a downward force on my hand. If I let go, the brick will 
fall to the ground. The force I felt on my hand is now free to pull the brick towards the 
ground. This force, the gravitational attraction of the earth on the brick is called the 
weight of the brick. It always acts vertically downwards (towards the centre of the earth). 
The weight of a brick of mass 2 kg is about 20 N (Fig.23.3). This will give some idea of 
the size of the Newton. In fact, a mass of m kg will have a weight of mg N (= 10m N). 
We shall assume this for the rest of this chapter and discuss it further in the next chapter. 
Note that weight is the one inescapable force on earth. All bodies have weight. 


weight 


Fig 23.3 20N 


‘The weight of a body acts through a point called the centre of gravity (CG). For sym- 
metrical bodies, the CG is at the centre of symmetry. For example, the CG of a cube is 
at its centre, the CG of a long uniform rod (same cross section throughout) is at the 
geometrical centre of the rod. The CG of a thin rectangular plate (called a lamina) is at 
the intersection of the diagonals and similarly for a parallelogram. 


Reaction 


If I place the brick, of weight 20 N, on a horizontal table, it does not move. We say that 
the brick is in equilibrium. Now it would be unrealistic to assume that the gravitational 
attraction has ceased, so there must be an opposing force exactly equal to 20 N, acting 
vertically upwards and also through the CG (Fig.23.4(a)). 


Reaction 20 N 





Fig. 23.4 qQrnnns ® ‘Weight 20 N 


This is the normal reaction on the brick from the table, normal in the geometrical 
sense of being at right angles to the common surface. Sometimes this force is called the 
normal contact force. In diagrams we show only the forces acting on a body, so Fig.23.4(b) 
shows the forces on the brick. Note also that the dimensions of the body are not relevant 
in this context. The brick is treated as a particle. 
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Tension 


If I suspend the brick by a string (or spring) and the string does not break, the brick is 
again in equilibrium (Fig.23.5). 


20N 

















Fig. 29.5 Weight 20 N 20N 


In this case the force which equalizes the weight passes along the string and is called 
the tension in the string. If using a spring, the weight will also stretch the spring until the 
equilibrium position is reached. (We regard the string as being inextensible, i.e. any 
stretch is too small to be noted.) 


Friction 


I place the brick on a horizontal table and try to push it along (Fig.23.6). 





Reaction 20 N 
Push 
Friction 
=== 
Fig. 23.6 Weight 20 N 


Thave to exert a force to do so. There is resistance to my push, called the frictional 
resistance or simply friction. We study this in more detail later. In this situation there are 
four forces acting on the brick. Note that the weight and normal reaction are still equal 
and opposite and the brick is in vertical equilibrium. If 1 push harder, eventually 1 
overcome the frictional force and the horizontal equilibrium will be broken. 
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Thrust 


If the brick is placed on a large strong spring, the spring will resist the weight with a force 
called a thrust (Fig.23.7). This is a similar force to a tension, but acts in the opposite di- 
rection. 





Fig.23.7 





All of the above are examples of forces, but they need not all operate together in any 
given problem. 


COMPOSITION OF 2 FORCES 


Like velocities, forces as vectors can be combined to produce a single resultant force 
(Fig.23.8). 
A c 


Fig. 23.8 
ig. ° 7 B 


If 2 forces P and Q are represented by the adjacent sides OA and OB of the parallelo- 
gram, then the resultant force R is represented by the diagonal OC. The two forces P and 
Q could be replaced by the single force R which would have the same effect. 


Example 1 


F, and F, are 2 forces acting ona particle O. F, has magnitude S N in direction N30°E 
and F, has magnitude 8 N in direction E. Find the resultant of the 2 forces. 
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Example 3 


Forces of magnitudes ! N,2.N,3 N,4N and 5 N act along the lines OA, OB, OC, OD 
and OE respectively, where OABCDE is a regular hexagon. Find the resultant of the 


forces. 





Fig. 23.14 


The forces acting are shown in Fig.23.14. 
Take i and j along and perpendicular to OC respectively. 


‘Sum of components along OC 
= (I cos 60° + 2 cos 30° + 3 +4 cos 30° + 5 cos 60°)i = 11.21 


‘Sum of components perpendicular to OC 
= (-1 sin 60° ~ 2 sin 30° +0 +4 sin 30° + 5 sin 60°)j = 4.5 


1.2i + 4.5j (Fig.23.15). 





Hence the resultant force r 





Fig. 23.15 ° 112i 


[P= 11.2? +4.5* giving |r| = 12.1. 


The angle 8 which the resultant makes with OC is given by 


tan @ = 75 giving @ = 21.9. 








Hence the resultant is 12.1 N acting at 21.9° to OC. 
We can also obtain the resultant graphically. 


Let the forces along OA, OB, OC, OD, OE be a, b, ¢, d, €, respectively. A suitable 
scale is chosen, say | cm : 1 N. We start by drawing a line to represent a in magnitude 
and direction. (We can start with any force, the order is immaterial). Then we add the 
other forces, one at a time, each force starting from the end point of the one before. 








Fig.23.16 shows the construction where a, b, ¢, d, e are the forces given above. The 
resultant r is then represented by the line OR in magnitude and direction. By measure- 
ment, we find that | r | = 12.1 and @ = 22°. 





Hence the resultant is 12.1 N acting at 22° to OC (approximately the same as before). 





Exercise 23.1 (Answers on page 650.) 


1 Resolve the forces shown in each diagram (Fig.23.17) in the directions of the dotted 
lines. 





Fig. 23.17 


2 Find the resultant of the following forces, in magnitude and direction (Fig.23.18). 


fa) (b) () 
10N 30N hon an 
12N 
6N 


(d) 


10 
10N \ 140° 
20N 


(e) 
‘60° 
N 10N 


Fig. 23.18 





3 Find the sum of the components of the forces acting as shown in 23.19 in the 


direction of the dotted lines and hence find their resultants. 





Fig. 29.19 


EQUILIBRIUM OF A PARTICLE 


A particle under the action of 2 or more forces is in equilibrium if the resultant of the 
forces (i.e. the vector sum of all applied forces) is zero. If a particle under the action of 
2 forces is in equilibrium, then the 2 forces must be equal in magnitude but opposite 
in direction. 





TRIANGLE OF FORCES 
Consider a particle acted upon by three forces P, Q and R as shown in Fig.23.21(a). 


(b) 





Fig. 23.21 


‘The resultant of P and Q is represented by the diagonal OC of the parallelogram. The 
particle will be in equitibrium if R is equal in magnitude but opposite in direction to the 
resultant of P and Q. 

This means that OA + OB + OD = 0. This may be illustrated by the triangle shown in 
Fig.23.21(b), where the three forces P, Q and R are represented in magnitude and 
direction by the sides of the triangle taken in order (following on one after the other). This 
important result is known as the triangle of forces. We restate this result more formally 
thus: 





If three forces act at a point and are in equilibrium, then they can be represented in 
‘magnitude and direction by the three sides of a triangle taken in order. 


The converse is also true: 


If three forces acting at a point can be represented by the sides of a triangle taken in 
order, then they are in equilibrium 





Example 4 


A particle of weight 4 N is supported by a string attached to a fixed point and is pulled 
from the vertical by a horizontal force of 3 N. Find the tension in the string and the 
angle which the string makes with the vertical. 
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(b) 





Fig. 23.22 in (@) 


Let the tension in the string be 7 N. The forces acting on the particle are shown in 
Fig.23.22(a). We now draw the triangle of forces (Fig.23.22(b)). 


We then have T? = 3? + 4°, 
Also tan @ = 3, giving @ = 36.9°. 


iving T= 5. 





Hence the tension in the string is 5 N and the string makes an angle of 36.9° with the 
vertical. 





LAMI’S THEOREM 


If three forces are in equilibrium, Lami’s theorem relates them to the angles between 
their directions. (It is in fact a version of the sine rule.) 

P, Q, R are three forces in equilibrium (Fig.23.23(a)) and they form a triangle of 
forces (Fig.23.23(b)). 


a 





(a) (o) 
Fig. 23.23 FR 


If the angle between P and Q in Fig.23.23(a) is y, then ZACB = 180° — y in 
Fig.23.23(b) and similarly for the other angles. 
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By the sine rule, 


BC _ ac _ AB 
sin(180° -) ~ sin(180°-B) ~ sin(180°- y) 
Dg es ok 





ie. 





Gna = Gap 7 any (Mme P=1PI,O=[QlandR=|R}) 


as P, Q, R are proportional to BC, AC and AB respectively. 





Example 5 


A particle of weight 10 N is suspended by 2 strings. If these strings make angles of 30° 
and 40° to the horizontal, find the tensions in the string. rigaat 
Let the tensions in the strings be 

T, N and T, N respectively (Fig.23.24). 
Using Lami’s theorem, 

as ea el 
sin(90° + 40°) sin(90° + 30°) sin 110° 
giving T, = 8.2 and T, = 9. 











Hence the tensions in the strings are 8.2 N and 9.2 N. 





POLYGON OF FORCES 


We can extend the idea of the triangle of forces to more than three forces acting at a point 
in equilibrium if the forces are coplanar. This extension is called the polygon of forces. 
If a number of forces acting at a point are in equilibrium then they can be represented in 
magnitude and direction by the sides of a closed polygon taken in order. Fig.23,25(a) 
shows forces P, Q, R, S, T which can be represented by the sides of the polygon ABCDE 
in Fig.23.25(b). 


Q 





Fig. 23.25 s (a) 


The sides of the polygon may cross each other if this is necessary by the layout of the 
forces, but must follow each other in order, that is, one force must begin where the 
previous force ends. We may start with any force. Constructing a polygon of forces can 
be used as a graphical method to solve problems involving more than three forces acting 
at a point. 
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Example 6 


Five forces act as shown in Fig.23.26 and are in equilibrium. Find the magnitude and 
direction of force P. 


50N 


30N 
60° 
-— Si 
1 ° 
Pp 


Fig. 23.26 40N 


We will solve this problem using 2 methods. 


1 Graphical method 
Construct the polygon of forces to a suitable scale (say 1 cm : 10 N). ABCDE is 
drawn and then E is joined to A. EA would then represent the force P in 


magnitude and direction. From the drawing, we find that P = 62 N at an angle 73° 
to the 40 N force. 





Fig. 23.27 


2 Resolution of forces 
Since the forces are in equilibrium, the resultant is zero, and hence its component 
in any direction is zero. Take i in the direction of the 40 N force and j in the 
negative direction of the 60 N force (Fig.23.26). 


Resolving along the i direction, we have 
(P cos @ + 40 — 50 sin 60° — 30 sin 30°)i = 0 (where P =| P|) 
giving P cos 8 = 18.30. @ 











510 


Resolving along the j direction, we have 
(P sin 8 ~ 60 — 50 cos 60° + 30 cos 30°)j = 0 
giving P sin @ = 59.02. Gi) 


The components of P are shown in Fig. 23.28. 


2292 





Fig. 23.2800 We 


‘The magnitude of P = V18.30" + 59.02 ~ 61.8. 

‘The angle @ which P makes with the 40 N force is given by 
tan 6 = 725 giving @ = 72.8°. 

Hence P is 61.8 N making an angle 72.8° with the 40 N force. 





Exercise 23.2 (Answers on page 650.) 


1 Find the unknown forces and angles in Fig.23.29. The forces in each set are in 
equilibrium. 





P 
s 
Q 
140° 
150° Y;20° 80N 
SON A 
(a) (b) 
60N 
Fig. 23.29 100N 
(©) ) 


Sil 


2 A particle M of weight 20 N is supported by two strings, MA and MB making angles 
of 30° and 45° on opposite sides with the vertical through M. Find, by drawing or 
calculation, the tensions in the strings. 


3 A body of weight 40 N hangs from a string attached to a point on a vertical wall. The 
string will break when its tension exceeds 50 N. If the body is pulled away from the 
wall by a horizontal force P N, what angle does the string make with the vertical when 
it breaks and what is the value of P? 


4 Three forces acting at the origin O can be represented by the vectors OA, OB, OC 
where A, B, C have coordinates (5,2), (-3,8), (-2,-10) respectively. Show that the 


forces are in equilibrium. wo 
5 The three coplanar forces P N, 2P N and 20 N are in equilibrium as shown in 
Fig.23.30. Calculate the value of P and of . © 
PN 
1207 
2PN 
e 


Fig. 23.30 20N, 


6 Find the unknown forces in magnitude and direction in the following systems of 
forces which are in equilibrium. 





40.N 
30N 
20N 
SON 
e 
6 30N 
10N P ° 
(b) 
SON 
30N 
60° 
= R 
ton 
8 


Fig. 23.31 
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7 Find the resultant in magnitude and direction of forces 10, 20, 30, 40 N acting in 
directions 060°, 120°, 180°, 270° respectively. 


8 Referred to rectangular axes with O as the origin, A is the point (4,3), B is the point 
(12.5), C is the point (0,6) and the same scale is used for the x- and the y- 
coordinates. Forces of magnitudes 75 N, 65 N and 35 N act at O towards A, B and C 
respectively. Find, by calculation or drawing, the magnitude of the resultant force and 
the angle it makes with the x-axis. (L) 


9 Five strings are attached to a point in equilibrium and radiate horizontally from this 
point. The tensions and directions of four of the strings are: 50 N, 060°; 40 N, 090°; 
100 N, 270°; 20 N, 330°. Find the tension in the fifth string and its direction, 


10 Fig.23.32 shows a particle in equilibrium under the action of five horizontal forces. 
Calculate the values of @ and P. 


2PN 
2PN 
4PN 2 
0 
3PN 
Fig. 23.32 8N 


11 The four coplanar forces in Fi .33(a) have the single force shown in Fig.23.33(b) 
as their resultant. If tan 9 = 7. find the value of P and of 0. 





2PN 2PN 30N 


Fig.23.33 PN fa) (b) 


12 Forces of 8 N and P N act along the lines OA and OB where ZAOB is an obtuse 
angle. 
(a) If P =4, the resultant is perpendicular to OB. Find ZAOB. 
(b) Find the value of P if the resultant is to bisect ZAOB. 
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13 When the angle between two forces P and Q is 60°, the magnitude of their resultant 
is VI9 N. When the angle is 120°, the magnitude is V7 N. Calculate the value of 
P and of Q. 


14 The following four coplanar forces acting at a point O are in equilibrium: 10 N in 
direction 000°, 20 N in direction 090°, Q N in direction (180 + )° (® < 90) and PN 
in direction 300°. 

(a) By drawing a polygon of forces, find the possible values of P and of @ when 
Q=20. 

(b) Deduce the values of P and 6 if Q is to be the minimum force to maintain the 
equilibrium and find the value of Q in this case. 


FRICTION 


*Smooth’ surfaces are often specified in problems. A smooth surface is a convenient 
approximation in Applied Mathematics. In real life, however, it is not possible to obtain 
such a surface. When one body moves over another, there is always some resistance to 
motion, the frictional resistance between the two surfaces. The size of this resistance will 
depend on the nature of the two surfaces in contact. 

Consider a particle of weight W at rest on a rough horizontal plane (Fig.23.34). 


R 


Fig. 23.34 w 


The normal reaction R of the plane on the particle has the same magnitude as W. 

We now apply a horizontal force P, slowly increasing its magnitude from zero, to the 
particle, The frictional force comes into operation when an attempt is made to move the 
particle. This frictional force always acts to oppose the tendency to move. Initially the 
particle does not move because the frictional force is equal (but opposite) to the applied 
force. As the force P is increased, the frictional force also increases to equal the applied 
force. Eventually, however, the frictional force reaches its maximum and a slight increase 
in P will make the particle slide. 

This maximum value of the frictional force F is called the limiting friction. From 
experiments, we obtain the ratio 

limiting frictional force 
normal reaction 

where the Greek letter jt (read mu) is a constant quantity and is called the coefficient of 
friction. The value of 1 depends only on the nature of the surfaces in contact and is 
independent of the areas in contact or the forces present. We can also write limiting 
frictional force F = xR (where R = normal reaction). 


=u 


514 





resolve the forces acting on the particle normal and parallel to the plane respec- 
tively to obtain: 





R = 10 c0s 30° 
ie, R=5SV3 @ 

and P + UR = 10 sin 30° 

ie. P+ 3R=5 (i) 


Substituting R from (i) into (ii), we have 
P + 2(5 V3) =5 giving P = 1.54 N. 
Hence the least force (parallel to the plane) required to hold the particle is 1.54 N. 


b) In this case, when the particle is about to move upwards, the frictional force 
F (= pR) acts down the plane (Fig.23.38). 





Fig.23.38 


Resolving forces as before, we have 


R= 10 cos 30° 
ie. R=5V3 ii) 
and P = 10 sin 30° + pR 

ie. P=5+3R (iv) 





Substituting R from (iii) into (iv), we have 
P=5+ 3(5 V3) giving P = 8.46 N. 


Hence the least force (parallel to the plane) required to make the particle move up 
the plane is 8.46 N. 


Note that the force in part (a) is considerably less than that in part (b). 
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Exercise 23.3 (Answers on page 651.) 
(Take g = 10m s*.) 


1 A mass of 4 kg rests on a rough table (1 = 0.4), Find the least force required to make 
it move. 


2 If a force of 10 N is just sufficient to move a mass of 2 kg resting on a rough 
horizontal table, find the coefficient of friction. 
3 A block of mass 300 kg is just pulled along rough horizontal ground by two equal 


forces P N inclined at 30° to the line of motion. If the coefficient of friction is 0.6, find 
the value of P. 


4. A block of mass 1 kg is placed on an inclined plane of angle 60° and is just held there 
at rest by a horizontal force P. If the coefficient of friction is 0.4, find P. 

5 A body of mass 5 kg can just rest on a plane when the plane is inclined at 60° to the 
horizontal. Find the force parallel to the plane required to push the body up the plane 
if the inclination is reduced from 60° to 30°. 


6 A horizontal force of 10 N just prevents a mass of 2 kg from sliding down a rough 
plane inclined at 45° to the horizontal. Find the coefficient of friction. 

7 A mass of M kg is slowly pulled up a rough inclined plane of angle 30° by a string 
parallel to the plane. The coefficient of friction is 0.6. If the string will break when its 
tension exceeds 100 N, what is the largest possible value of M? 

8 A particle of mass M kg is placed on a rough inclined plane whose angle with the 


horizontal can be changed. When this angle is ®, the particle just begins to slip. Show 
that the coefficient of friction = tan @. 


9 A block of mass 5 kg is placed on a rough plane inclined at an angle ot to the 
horizontal where sin = 3. The coefficient of friction between the block and the 
plane is 3. A force QN is on the block in an upward direction parallel to a line of 
greatest slope of the plane. 


Calculate 

(i) the minimum value of Q which will prevent the block from sliding down the 
plane, 

(ii) the value of Q when the block is about to move up the plane. © 


10 A particle of mass 0.5 kg is at rest on a rough plane inclined at an angle @ to the 
horizontal where sin @= 2. The particle is just prevented from sliding from the plane 
by a force of 2 N applied in an upward direction parallel to a line of greatest slope of 
the plane. 

(i) Draw a figure showing all the forces acting on the particle. 

(ii) Calculate the coefficient of friction between the particle and the plane. 

(iii) Calculate by how much the force of 2 N must be increased so that the particle is 
about to move up the plane. © 
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SUMMARY 


© Composition of 2 forces, P and Q 


If OA represents P and OB represents Q, then the diagonal OC of the 
parallelogram represents the resultant R. 





© Resolution of a force, F 
F can be resolved into 2 perpendicular 
components: 
component 
y-component 
where F =| F |. 


(F cos O)i 
(F sin 8)j (F sin 6)} 





© Coplanar forces acting at a point 
The resultant can be found by first resolving all the forces in any 2 
perpendicular directions and then recombining the components into one force. 

© Equilibrium of a particle 
A particle under the action of 2 or more forces is in equilibrium if the resultant 
of the forces is zero. 

© Triangle of forces 
If three forces act at a point and are in equilibrium, then they can be represented 
in magnitude and direction by the three sides of a triangle taken in order. 
‘The converse is also true: 


If three forces acting at a point can be represented by the sides of a triangle 
taken in order, then they are in equilibrium. 


Q 
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6 Forces of 5 N and 3 N act along the sides AB, AC respectively of an equilateral 
triangle ABC of side 12 m. Find the magnitude and direction of their resultant. (C) 


7 (a) Two forces, P and Q, of 2 N and 6 N respectively have a resultant of 5 N. 
Calculate the angle between P and Q. 
(b) The following horizontal forces pass through a point O: 
6 N ina direction 045°, 
8 Nina direction 180°, 
PN ina direction 330°. 
The resultant of these forces is in a direction 000°. Calculate 
(i). the value of P. 
(ii) the magnitude of the resultant. © 


8 Two equal concurrent forces, each of F N, have a resultant of 6 N. When the 
magnitude of one of the forces is doubled, the resultant becomes 11 N. Calculate the 
value of F and the angle between the forces. (C) 


A,B,C, D, E, F are the vertices of a regular hexagon. Forces of 10 N, 10 N, 5 N and 
20 N act at A in the directions AB, AC, EA and AF respectively. Find, by drawing or 
calculation, the magnitude of their resultant and the angle it makes with AB. 


© 


10 A body of mass 4 kg lies on a rough horizontal plane. It is acted on by an upward force 
of 26 N inclined at an angle to the horizontal, where sin oc = ;. If the body is about 
to move, calculate the coefficient of friction between the body and the plane. 

The force is now removed and the plane is tilted to an angle to the horizontal, where 
sin B= 3. A force P N acts in an upward direction on the body parallel to a line of 
greatest slope of the plane. Given that the body is about to move up the plane, 
calculate the value of P. © 


11 Three ropes are attached to a heavy block which is about to be pulled due N along 
rough level ground. The ropes are pulled horizontally in the directions 350°, 000° and 
030° with forces PN, 100 N and 160 N respectively. Find the value of P and the 
resultant force acting on the block. 

If the mass of the block is 80 kg. calculate the coefficient of friction. 


12 A block of mass 1.5 kg is placed on a rough plane inclined at an angle « to the 
horizontal where sin ct = 0.6. The coefficient of friction between the block and the 
plane is }. The block is acted on by a force PN perpendicular to the plane and is on 
the point of slipping downwards. 

Draw a diagram showing all the forces acting on the block and calculate the value 
of P. (Cc) 


13 A body of mass m kg is held in equilibrium on a rough plane, inclined at an angle 
to the horizontal, by a force of P N, acting up a line of greatest slope. 
When P = 15.6, the body is about to slide up the plane, and when P = 
is about to slide down the plane. 

Given that tan @ = 3, find the value of m and of 1, the coefficient of friction between 
the body and the plane. © 





4, the body 
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Newton’s 
Laws of Motion 


In this chapter, we shall discuss the relation between the force acting on a body and its 
motion. It was Newton who first understood this relationship and who enunciated the 
three laws of motion. Dynamics, which is the study of the effect of forces acting on a 
body, is based on these laws. 


NEWTON'S LAWS 


Newton's laws may be stated as follows: 


First law: Every body remains at rest or moves with uniform velocity unless it is made 
to change this state by external forces. 


Second law: If a force acts on a body and produces a certain acceleration, then the force 
is proportional to the product of the mass of the body (assumed constant) 
and the acceleration. Also the acceleration takes place in the direction of the 
force. 


Third law: To every action there is an equal and opposite reaction. 


The first law disposed of a pre-Newtonian misconception that a force was required to 
keep a body moving. It explains why a spacecraft once free of the earth's gravitational 
field will continue to travel in a straight line with steady speed until it is affected by the 
pull of another planet. It is not possible to attain this state on earth, as friction or air 
resistance is always acting and gradually slows down any moving body. 

The second law involves the concept of mass. The mass of a body is usually defined 
as the quantity of matter in the body. Though this is not very helpful, the idea is 
reasonably easy to grasp; that is, a small body requires less force to give it a certain 
acceleration than a more massive one. Thus, if I push a certain truck with a certain force, 
an acceleration will be produced. If I push two similar trucks joined together with the 
same force, the acceleration will be halved as I am pushing an object twice the mass. The 
standard unit of mass is 1 kg (kilogram) = 1000 g (gram). The second law can be written 
symbolically as follows: 


Pama 
or P=kma 


where P = force, m = mass, a = acceleration, k = some constant. 
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For a standard mass of | kg having standard unit acceleration | m 
will be 


the force acting 


P=kxixl=kunits 
If we now take the unit of force to be that which will produce an acceleration of 


1 ms* ina mass of | kg, then P = 1 and k = 1. This unit of force is 1 Newton (1 N). The 
equation of motion then simplifies to 


P=ma 
or force = mass x acceleration 
(inN) (inkg)  (inms*) 


For large forces, the kilonewton, kN can be used (1 kN = 1000 N). 

‘The third law means that the force a body exerts on another is always accompanied by 
an equal and opposite force exerted by the second body on the first. We have used this 
law implicitly when we discussed reaction in the last chapter and we shall dwell on this 
further when we discuss connected particles. 





MASS AND WEIGHT 


All bodies are attracted to the earth by a gravitational force. Near the surface of the earth, 
this force produces an acceleration ¢ m s*. g is about 9.8, but varies slightly over the 
surface of the earth. A mass of m kg if free to move would fall with an acceleration 
gms®, (Note that the acceleration is independent of the mass of the body.) The force 
acting on the body is thus mg N and this is the weight of the body. 

The mass of a body is constant but its weight is not, In fact, the weight varies with 
locality depending on the value of g which we noted earlier varies slightly over the 
surface of the earth. So the weight of a mass of | kg is about 9.8 N. In space where 
g = 0 or nearly so, its weight would be zero (weightless). On the moon where g = 1.6, its 
weight would be about 1,6 N though its mass is still 1 kg. 

In everyday life, the distinction between mass and weight is blurred. When we say the 
‘weight’ of a person is 50 kg, we really mean that his ‘mass’ is 50 kg. His actual weight 
would be 50g N (or approximately 500 N). Similarly, a packet of washing powder 
labelled ‘net weight: | kg" should actually read ‘net mass: 1 kg’. In our work the 
distinction will be carefully noted between mass and weight and the correct units used for 
The relation is that the weight W of a mass m (in kg) is mg (in N) ie. W = mg. 
Chapter 20, we will continue to take the approximate value of g = 10 ms? in our 
work. In the worked examples that follow, we will use —> to represent a force and —>> 
to represent acceleration in our diagrams. 
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Example 1 


A force of 1 N acts on a particle of mass 2 kg which is initially at rest. Find the 
resulting acceleration. Find also the velocity of the particle after 5 s. 





Using = P= ma 
wehave 1 =2a 
giving a=} 
Hence the acceleration is 5 ms. 


The velocity v m s" after 5s is given by 
veutar 
=0+ $(5)=25 





is 2.5 ms7. 


Therefore the velocity after 5 s 





Example 2 


A horizontal force of 0.5 N acts on a body of mass 0.2 kg (Fig. 24.1). There is a 
frictional force of 0.2 N opposing the first force. What acceleration will be produced? 





friction |____, applied force 
02N oe O5N 
net force OS N 
Fig. 24.1 a 


The resultant or net force acting is 0.5 - 0.2 = 0.3 N. 

‘The acceleration a m s* will take place in the direction of the resultant and is given by 
P=ma 

ie. 0.3 = 0.20 

giving a= 1.5 

Hence the acceleration produced is 1.5 ms. 
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Example 3 


Two forces 5 N and 8 N in the directions 030°and due E respectively act on a body of 
mass 2 kg. Find the acceleration of the body. 


We first find the resultant of the two forces by drawing or calculation (Fig. 24.2). 


N 
4 
1 
1 
I 
i 





Fig. 24.2 2kg 5 


The resultant force is P = 11.36 N in the direction 067.6° (8 = 22.4°). 
Then using P= ma, 

wehave 11.36 =2a 

giving a=5.68 

Hence the acceleration is 5.68 m s* in the direction 067.6°. 











Example 4 


A parcel of 4 kg is suspended from a spring balance in a lift. What does the balance 
read if the lift is 

(a) moving with uniform speed, 

(b) accelerating upwards at 0.5 m s*, 


m 2 Fig. 24.3 
(e) accelerating downwards at 0.5 m s?? Q = 


A spring balance consists of a strong 

spring with a pointer and scale attached. 

Using a result in Physics that the exten- E 
sion of a spring is proportional to the 

tension in the spring, the scale can be 

calibrated to show the force extending the 

spring. 


Ler 
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We consider the forces acting on the yr Fi aaa 
parcel ie. its weight of 4g N acting verti- 
cally downwards and the tension in the 
spring vertically upwards. 








(a) Since the parcel is moving with uniform speed, 
there is no net force acting on it. 
Therefore T = 4g 
=40N { 
which is what the balance should read. 4gn 











cl) 


There is an upward acceleration. , fig 248 
This means there is a resultant force 
upwards and this resultant force 


‘Therefore T- 4g = 4(0.5) baci 


2 





Hence the new reading on the balance is 42 N. 4gN 


Fig. 24.6 
Similarly, when there is a downward T 
acceleration, we have a resultant force downwards and 


4g-T=4(0.5) 


ie. 40-T=2 | + | osms* 
T=38 


So the reading on the balance will then be 38 N. 


©) 


4gn 
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Example 5 


A particle initially at rest slides down from the top ofa rough plane I m long inclined 
at an angle of 60° to the horizontal. The coefficient of friction between the plane and 
the particle is 5. Find the velocity of the particle at the bottom of the plane. 


Let m= mass of particle in kg, 
R = normal reaction in N, 
F = frictional force in N 

and a = acceleration in m s. 


Fig. 24.7 shows the forces acting on the particle. We resolve the weight along and 
normal to the plane (Fig. 24.8). 


Fig. 24.7 Fig, 24.8 


/ 


We then consider motion along and normal to the plane respectively. Since the particle 
slides along the plane, there is acceleration (a m s) along the plane only and no 
acceleration normal to the plane. Hence there is no resultant force normal to the plane. 
So we have 


R= mg cos 60° 
ie. R= }mg 
The frictional force F is given by 


F=pr 
(ime) 


mg 














mg sin 60° - F = mg x 3 - img 


~a)me 
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Using P = ma, 





= 6.16 ms? 
The velocity v m s"' of the particle at the bottom of the plane is given by 
2as 
= 266.16)(1) 
vt = 12.32 
Therefore v= 3.51 





vas 





Hence the velocity of the particle at the bottom of the plane is 3.51 ms“, 


Note: The method of resolving the weight in this solution should be carefully noted. 
As a general rule, all forces should be resolved into components parallel and normal 
to any acceleration. The equation of motion is then applied in the direction of the 
acceleration, the other components being in equilibrium. 





Exercise 24.1 (Answers on page 651.) 

[Take g = 10 ms? where required.} 
1 Ifa force of 20 N acts on a mass of 2 kg, what is the acceleration produced? 
2 Ifa force of 5 N acts on mass of 750 g, what acceleration results? 


3 Ifa force of 4 KN acts on a mass of*2.2 tonne (1 tonne = 10° kg), what is the 
acceleration in m s*? 


4 If g = 1.6 ms on the moon, what is the weight of a packet of tea labelled: net mass 
250 g? 


5 A mass of 1.5 kg has an acceleration of 0.8 m s*, What force is acting on it? 


6 If a force of 2 N acts on a mass of 1.5 kg at rest initially, what is its velocity after 
6s? 


7 A mass of 5 kg is dragged across a rough surface (frictional force equal to 3 N 
opposing the motion) by a horizontal force of 20 N. What is the acceleration 
produced? 


8 Two forces, 20 and 10 N, act on a body of mass 0.5 kg at right angles to each other. 
What is the acceleration of the mass, in magnitude and direction? 


9 A force of 20 N is applied at an angle of 60° to the horizontal to a mass of 4 kg on 
a smooth horizontal table. What is the acceleration of the mass? 


10 A particle of mass’2.5 kg is moving at a steady speed of 12 m s when it meets with 
a fixed resistance of 10 N. How long does it take to come to rest? 
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11 Find the constant force which would give a body of mass 5 kg at rest a velocity of 
64ms"in4s. 


L 


5 


A mass of 2 kg is at rest on a rough horizontal table. A force of 20N is applied to the 
‘mass, the force making an angle of 30° with the table. Frictional resistance is equal 
to 5 N, What is the acceleration of the mass? 





13 A toy engine of mass 350 g exerts a driving force of 0.1 N. With what acceleration 
could it climb a smooth slope of 745 (i.e. a slope making angle 8 with the horizontal 
1 


where sin @ = 795)? 


14 A man of mass 80 kg stands in a lift. What is the reaction from the floor of the lift if 
the lift 
(a) moves upwards with steady speed, 
(b) moves upwards with acceleration 0.5 m s%, 
(©) moves downwards with acceleration 0.4 m 











15 A car of mass 750 kg is accelerating up a slope of @ to the horizontal where 
sin @ = 75 at 1.5 m s*. Ignoring any road resistance, find the tractive force of the 
engine. 


16 A block of mass 10 kg is placed on an inclined plane of angle 30° to the horizontal. 
The coefficient of friction is 0.5. Find 
(a) the acceleration of the block down the plane, 
(b) the least Force parallel to the plane required to keep the block at rest, 
» (©) the least force parallel to the plane required to make the block begin to move up 
the plane, 
(d) the force parallel to the plane required to move the block up the plane with an 
acceleration of 0.5 m s?. 





17 A barge of mass 50 000 kg is being towed by two tugs. The two ropes make an angle 
of 15° on each side of the line of motion and the tension in each one is 1000 N. If the 
barge is moving with an acceleration of 0.02 m s%, find the resistance to its motion, 


18 A body of mass 2 kg is pushed up an inclined plane of arigle 30° to the horizontal by 
a horizontal force of 20 N. If the coefficient of friction is 4, find the acceleration of 
the body. 


19 A body of mass 4 kg is pulled from rest to a speed of 4.5 m s“! in a time of 3 seconds 
on a rough horizontal surface by a force of 20 N which makes an angle of 10° with 
the horizontal, Find the coefficient of friction. 


20 A particle slides down an inclined plane of angle 6 to the horizontal, where sin 8 = 
with acceleration 2 m s*. Calculate the coefficient of friction. 
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CONNECTED PARTICLES 





Fig. 24.9 


If a car pulls a caravan (Fig. 24.9), the pull of the car is transmitted through the tie rod to 
the caravan but the caravan equally pulls the car backwards. The two pulls are the same 
size (T) but opposite in direction, according to Newton's Third Law. If we are considering 
the car, we must include the backward pull; if we consider the caravan we include the 
forward pull. If however, we consider the two as one body, the two pulls cancel out as 
internal forces and need not be considered. 

Again, if two masses are suspended by a string over a frictionless (smooth) pulley, the 
string transmits a tension which pulls the mass A (Fig. 24.10) upwards when considering 
A, but pulls the mass B upwards when considering B. If the two massé8 are taken as one 
body, again the two tensions cancel out as internal forces and need not be considered, 








Fig. 24.10 
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Example 6 


A string (assumed to have no weight and not to stretch) passes over a smooth light 
pulley. To the ends of the string are attached masses of 3 kg (A) and 2 kg (B) and both 
parts of the string are vertical. With what acceleration does the system move? What 
is the reaction at the axle of the pulley? 





Fig. 24.11 


The system is shown in Fig. 24.11 with the weights of the masses. 
Let the acceleration of A be a m s* downwards and hence B will have the same 
acceleration upwards. 

Now consider each mass and the pulley separately (Fig. 24.12). 


T R T 
8 

| Bs] [~] | 
agN rT 29N 


‘The string transmits a tension T and the reaction at the axle of the pulley is R. 


Fig. 24.12 


For A, since the acceleration is downwards, 3g ~ T= 3a @ 
For the pulley, since it has no acceleration vertically, R = 2T ii) 
For B, since the acceleration is upwards, T - 2¢ = 2a (iii) 


533 





Now solve these equations for a, T and R. 





Adding (i) and g=5Sa 
giving a=§=2ms? 
From (iii), T=2a+2g 
=4+20=24N 
From (ii), R=2T 
=48N 


(Note that this is less than the total weight of the masses, 50 N.) 








Example 7 


Fig. 24.13 shows two particles A and B each of mass 0.5 kg, joined by a light inelastic 
string which passes over a smooth fixed pulley at C. The system is held at rest with A 
hanging freely while B is on a rough horizontal surface. The coefficient of friction 
between B and the surface is 0.4. Find the magnitude of the acceleration of each 
article and the tension in the string when the system is released. 





Fig. 24.13 


Let the acceleration of A be a m s downwards and hence B will move towards C with 
the same acceleration. The string transmits a tension T. Fig. 24.14 shows the forces 
acting on A and B. 





Fig. 24.14 
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For A, since the acceleration is downwards, 
0.5¢-T=0.5a wo 
For B, since the acceleration is towards C, 
T-F=05a Gi) 


where the frictional force F = wR 
= 0.4(0.5g) 
=0.2¢ 
Substituting this into (ii), we have 
T-0.2g = 0.5a (iii) 
Now solve (i) and (iii) to obtain a and T. 
Adding (i) and (iii), 0.3¢=@ 


ie, a=3 
From (iii), T -0.2(10) = 0.5(3) 
giving T=35 


Hence the acceleration of each particle is 3 m s* and the tension in the string is 3.5 N. 





Example 8 


Fig. 24.15 shows two particles A of mass I kg and B of mass 2 kg connected by a light 
inelastic string which passes over a smooth pulley at C. The system is held at rest with 
B hanging freely while A is on a rough plane inclined at to the horizontal where 
tan 8 = 4. The coefficient of friction between A and the plane is 0.2. Find the 
magnitude of the acceleration of each particle and the tension in the string when the 
system is released. 





Fig. 24.15 
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Let the acceleration of B be a m s® downwards and hence A will move towards C with 
the same acceleration. The string transmits a tension T. Fig. 24.16 shows the forces 
acting on A and B. 





Fig. 24.16 


Now consider the motion of each mass separately. 


For B, since the acceleration is downwards, 
2g -T=2a @ 








For A, since the acceleration is along AC, and the tension is opposed by the frictional 
force, F and the component of the weight downslope, g sin @, we have 
T-(F +g sin 8) = 1a (i) 
Resolving forces perpendicular to the plane, the normal reaction is 
R=gcos® 


The frictional force, F is given by 





Substituting this into (ii), 

T— (ig cos @ + g sin @) =a (iii) 
Now solve (i) and (iii) to obtain a and 7. 
Adding (i) and (ii), 

2g - (lig cos @ + g sin @) = 3a 


ie. 210) - [0.29110 + 10(3)] = 3a 
siving a=4.13 
From (i) 210) ~ T = 2(4.13) 
giving T=1174 


Hence the acceleration of each particle is 4.13 m s* and the tension in the string is 
1L.74N. 





536 





Exercise 24.2 (Answers on page 652.) 
[Take g = 10 ms? where required.) 


1 Masses of 5 kg and 3 kg are connected by a light string over a smooth pulley. Find 
(a). the acceleration of the masses, 
(b) the tension in the string, 
(©) the reaction at the axle of the pulley. 


v 


‘A mass of 3 kg rests on a smooth horizontal table connected by a light string passing 
over a smooth pulley at the edge of the table to another mass of 2 kg hanging verti- 
cally. When the system is released from rest, with what acceleration do the masses 
move and what is the tension in the string? 











3. A body of mass 10 kg lies on a smooth inclined plane. A light string attached to this 
body passes over a smooth pulley at the top of the plane and supports a mass of 2 kg 
hanging freely. If the inclination of the plane is @ to the horizontal where sin @ = j4., 
find the acceleration of the masses. 





. 


Masses of 4 kg and m kg are connected by a light string passing over a smooth pulley. 
When free to move, their acceleration is 0.5 m s. Find the possible values of m. 


a 


A mass of 8 kg is placed on a horizontal table (\t = 0.3) connected by a light inexten- 
sible string placed over a smooth pulley at the edge of the table to another mass of 
4 kg hanging freely. Find the acceleration of the masses when released from rest. 


6 A lorry of mass 1000 kg pulls a trailer of mass 450 kg on level ground. Resistance to 
motion for either vehicle is 4 N per ky of mass. Find the tension in the tow-bar and 
the tractive force of the engine when they are 
(a) moving at a steady speed, 

(b) acceierating at 0.6 m s*. 


x 


Acar of mass 800 kg is putting a irailer of mass 300 kg up a slope of angle 6 to the 
horizontal where sin @ Resistance to motion (apart from gravity) is 1.5 N per 
kg of mass for each vehicle, Calculate the pull of the engine and the tension in the 
tow-bar when they are 

(a) moving with constant speed, 

(b) accelerating at 0.2 ms°. 


In Fig. 24.19, PR is a fixed wedge on level ground where PQ = 5 m, QR = 3 mand 
PRQ is a right angle. Particle A, of mass 1.5 kg, lies at the foot of the smooth slope 
PQ, attached by a light string passing over the smooth pulley at Q, to the particle B 
of mass | kg. B is released from rest when it is 2m above ground level. Find 

















539 


(a) the acceleration of the particles, 
(b) how far A will travel up the slope before coming to momentary rest. 





Fig.24.19 Pp R 


9 A wedge has two equally rough faces each inclined at 30° to the horizontal. Masses 
of 5 kg and 2 kg, one on each face, are connected by a light string passing over a 
smooth pulley at the top of the wedge. The coefficient of friction [1 between each 
mass and the surface of the wedge is 0.2. Find the acceleration of the masses when 
they are released. 


10 In Fig. 24.20, the particle of mass 2.4 kg is held at rest on the rough horizontal surface 
AB (the coefficient of friction is 0.5). It is connected by a light string passing over a 
smooth pulley at B to a particle of mass 3.6 kg. The sloping face BC is smooth and 
makes an angle of 30° with the horizontal. Find the acceleration of the particles when 
they are released. 


i 3 NS 


Fig.24.20 sei, 


11 In Fig. 24.20, if AB is smooth and BC is rough, and the acceleration of the particles 
is the same as before, calculate the coefficient of friction of BC. 


12 Two bodies A and B, joined by a light inextensible string, are placed on a plane which 
is inclined to the horizontal at an angle whose tangent is 0.75 so that the string is taut 
and lies along a line of greatest slope and B is higher up the plane than A. The body 
A is smooth and its mass is 9 kg. The mass of B is 3 kg and the coefficient of sliding 
friction between B and the plane is 0.5. The system is allowed to slide down the plane. 
Calculate 
(@) the frictional resistance to the motion of B, 

(b) the acceleration of the system, 
(©) the tension in the string. ) 


12 Particle A of mass 0.8 kg is held at rest on a rough horizontal surface and is connected 
by a light string passing over a smooth pulley at the edge of the surface to a particle 
B of mass 0.4 kg hanging freely. When A is released, the acceleration of the particles, 
is 3 ms? 
(a) Calculate the coefficient of friction between A and the surface. 
(b) After travelling for 3 seconds, B is stopped. Calculate the total distance travelled 
by A before it comes to a stop. 


13 A car of mass 600 kg is pulling a trailer of mass 200 kg up an incline of angle @ to 
the horizontal where sin @ = 345. The resistance to motion on either vehicle is 0.2 N 
per kg of mass. Calculate the driving force of the engine and the tension in the tow- 
bar when the vehicles are accelerating at 0.25 m s. 





1 


= 


Particle A of mass 4 kg lies on a rough plane inclined at an angle @ to the horizontal, 
where sin @ = 4. The coefficient of friction between A and the plane is 0.5. A is 
connected to another particle B of mass m kg by a light string passing over a smooth 
pulley at the top of the plane and B hangs freely. When the particles are free to move, 
the acceleration of B is 2 m s*. Find the possible values of m. 


1 


a 


In Fig. 24.24, particles P and Q of masses 5 kg and 2 kg respectively, lie on the faces 
AC and BC of the fixed wedge ABC. ZA = 2B = 45° and the coefficients of friction 
on the faces AC and BC are 0.2 and 0.5 respectively. Find the acceleration of the 
particles when they are free to move. 


Fig. 24.24 





16 Masses of 2.8 kg, 2.2 kg, I kg are connected by light inextensible strings, one of 
which passes over a smooth fixed pulley as shown in the diagram. If the system is 
released from rest, calculate 
(ji) the acceleration of the masses, 

(ii) the tension in the string joining the 2.2 kg and 1 kg masses. 
Ifafter 1-5 seconds the string joining the 2.2 kg and 1 kg masses 

breaks, calculate the further distance the 2.2 kg mass falls before 
coming instantaneously to rest. © 


22 ke 2.8 ke 


Fig. 24.25 
tke 
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f 

f 
“Pas 

0-09 m 
The diagram shows two particles A and B, connected by a light inextensible string 
which passes over a smooth fixed peg. The system is held with the string taut and with 
A and B each at a height of 0-09 m above a fixed horizontal plane; it is then released 
from rest. When B reaches the plane it becomes stationary. Calculate 

(i)_ the tension in the string while both particles are in motion, 

(ii) the speed of the particles when B reaches the plane, 


(iii) the maximum height above the plane attained by A, assuming that A does not 
reach the height of the fixed peg. © 


Fig 24,26 


18 The diagram shows two bodies, A and B, connected by a light inextensible string 
passing over a smooth peg. The body A has a mass of 8 kg and lies on a rough plane 
inclined at an angle o: to the horizontal, where cos @ = 2. The body B has a mass of 
2 kg and hangs freely. 





Fig. 24.27 


(i)_ In the case where the bodies are free to move and A accelerates down the plane 
at 2 m+, calculate the tension in the string and the coefficient of friction between 
A and the plane. 

(i) Find the smallest mass which, when attached to B, would prevent A from sliding 
down the plane. © 


19 The diagram shows two particles, A, of mass 0-3 kg, and B, of mass 0-2 kg, joined by 
a light inelastic string which passes over a smooth fixed pulley at C. The system is 
held at rest with A on a smooth plane inclined at 30° to the horizontal and B on a rough 
horizontal surface. The coefficient of friction between B and the surface is 0-4, Show 
that, when the system is released from rest, the acceleration of each particle has a 
magnitude of 1-4 m s? and calculate the tension in the string. 
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Work, Energy, 
Power 


WORK 


When a force acts on a body and causes it to move, we say the force does work on the 
body. The amount of work done is defined as the product of the force and the distance 
moved by the body in the direction of the force. 





Fig. 25.1 


In Fig. 25.1, if the force P moves the body through a distance s in the direction of the 
force, the work done = Ps. 





Fig. 25.2 


In Fig. 25.2, P acts at an angle 0 to the direction in which the body moves. When the body 
moves a distance s, then the distance moved by the body in the direction of the force is 
$ cos @, Hence the work done in this case is = P x s cos @. 





Example 2 


A trolley is pulled horizontally through 5 m by a force of 70 N at an angle of 60° to 
the horizontal. What is the work done? 


Fig 284 f YU. © 


The component of the force in the direction of motion is 
70 x cos 60° = 70 x $ 

=35N 

Hence the work done = 35 x 5 = 175 J. 








Example 3 


The engine of a car exerts a constant pull of magnitude S00 N. Find the work done by 
this force as the car travels 1 km. 











KINETIC ENERGY (KE) 


Suppose a force P N acts on a particle of mass m kg at rest and gives ita velocity vm s" 
after moving it a distance of s m in the direction of the force. 


If the acceleration is am s*, 








then = P= ma i) 
Also, = 0+ 2as 
or as=5 Gi) 
Work done = P xs 

= mas (from 





amy (from (ii)) 


or dmv? 
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This quantity, which is }(mass) x (velocity)? is called the kinetic energy (KE) of the 
particle when its velocity is v. The kinetic energy of a particle can thus be regarded as the 
work done on the particle by a force in giving it the velocity v from rest. The unit of KE 
is therefore the same as the unit of work, 1 J. 

Let us now consider a particle mass m kg travelling at um sin a straight line. A force 
PN now acts on it in the direction of motion and gives it an acceleration a m 7. If the 
particle acquires a velocity v m s* after travelling a distance s m, then 


P=ma (i) 


u + 2as 





and 


or 





(ii) 
therefore work done = Px s 
= mas (from (i) 
= mp" — p) (From (i) 
= don? due 
‘The quantity ju? is the initial KE and the quantity 3m? is the final KE. 
Thus, the above shows that 





The work done by a force in increasing the velocity of the particle from u to v is 
converted into the increased KE of the particle. Conversely, some or all of the KE 
possessed by a particle can be converted into work. Hence the loss of KE = work done 
against a force. 

The quantity Jmv? is always positive and is not a vector quantity. The KEs of 2 equal 
particles moving in any 2 directions with the same speed are equal. Also, as work can be 
converted into KE and vice versa, work is also a scalar quantity. 





Example 4 


A force acting on a body of mass 2 kg moves it from rest to a velocity of 3 ms" over 
a distance of 5 m. What is the magnitude of the force? 


Let the magnitude of the force be P N. 


Work done by the force = gain in KE 
= final KE ~ initial KE 


ie, Px5= $(2)3)"-0 
giving P=18N 
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Resolving forces perpendicular to the plane, 
R= 05g cos ® 
=05x 10x $ 
=4N 
Frictional force F = wR 





Let the distance travelled by the particle be s,, up the slope. 
Work done against total resistance = loss in KE 
G+ 1)s,=4 
sel 


Hence the particle will travel | m up the incline. 





POTENTIAL ENERGY (PE) 


‘Suppose I lift a mass of 4 kg vertically through a height of 2 m. The lifting force = the 
weight of the body = 4g N. Hence the work I do is 4g x 2 = 78.4 J (taking g = 9.8 m s*) 
and this work has been done against gravity. At this point the body is now at rest and has 
no KE, but if I let go, the body will acquire KE in falling and can do work on the 
downward path. Hence in its state of rest at a height of 2 m the body has a potential for 
doing work and we say it possesses potential energy (PE). PE is the ability to do work 
because of the position of the body, in the sense that if released, the body will move to 
a lower position and its PE will be converted into KE. The PE of a body has no absolute 
value, but is relative to some datum level, say the surface of the earth or some other level 
above which the body is raised and to which it can fall. 

‘Suppose a body of mass m kg is raised through a height of hm from a floor (Fig. 25.7). 
‘The work done against gravity = mgh J and hence the body now possesses PE = mgh J. 
If the body now falls it will acquire a velocity v on reaching its original level, where 
v= Qgh, 

















Fig. 25.7 
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Its KE is now $m? = 4m x 2gh = mgh. 


Hence all the PE has been converted into KE. 

Note that this result is true if the particle descends by any route (provided it is smooth) 
through a vertical drop of h m (Fig. 25.8). The distance travelled by the point of 
application of the weight (the centre of gravity, CG) in the direction of the weight is 
always h. Hence the work done by gravity is mgh, which is converted into KE. Similarly, 
if a body of mass m kg is raised through a vertical height (h m) by whatever path 
(provided smooth), the work done against gravity = mgh and this is the value of the PE 
of the body. 


% . 
mg mg 


Fig. 25.8 


If the body now strikes the floor, some KE will be lost, i.e. converted into another form 
of energy, for example heat, light or sound. This is a simple illustration of the principle 
of the conservation of energy, which states that the total energy in a closed system is 
constant. This principle is true provided all forms of energy, mechanical and non- 
mechanical are taken into account, such as heat, sound, light, chemical, electrical energy, 
etc. It also illustrates the fact that energy can be converted from one form to another. For 
example in a hydroelectrical scheme, the water in a reservoir possesses PE. This can be 
converted into KE by allowing the water to fall through a sluice gate. The water strikes 
the turbine wheels and its KE is converted into another form of KE, i.e. kinetic energy of 
rotation. This in turn is converted into electrical energy. which is used in factories and 
homes to be converted into light, heat and kinetic energy agai 

From a mechanical point of view, energy dissipated through friction, heat, sound etc. 
is energy lost and wasted. If there were no such losses it would be possible to achieve 
perpetual motion mechanically. In applied mathematics, we deal only with KE and PE. 
‘The principle of conservation will then appear in the form: 








KE + PE = constant 


Hence, the (KE + PE) of a body at any time = original (KE + PE) + any work done by a 
force on the body. 
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Example 6 


A car of mass 800 kg is travelling in a straight line on ground level with a speed of 
30 ms"! when its engine is shut off. After moving a distance of 20 m, the ground slopes 
upwards at an angle of 30° to the horizontal. The frictional resistance of the ground 
is 5 N per kg. Find how far up the slope the car will travel before coming to rest. 





Fig. 25.9 


‘The frictional resistance, F = 800 x 5 = 4000 N 
Initial KE of the car = 3(800)(30)? = 360 000 J 


Let the car travel s m up the slope equivalent to a vertical rise of hm 
where h = 5 sin 30°, 


In climbing the slope the car acquires 


PE = 800gh 
= 800gs sin 30° 
= 800(10)(s)( 4) 
= 4000s J 
Work done against frictional resistance = F(20 + s) 
= 4000(20 + s) J 
Now, the initial energy = final energy + work expended 
360 000 = 4000s + 4000(20 + s) 
ie. 280 000 = 8000s 
giving s=35 


Hence the car will travel 35 m up the slope before coming to rest. 
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The particle will have the maximum speed when it has descended the maximum 
distance, that is 0.6 m, when the particle is at its lowest point in the ath Taking the 
initial position as reference, the loss in PE is now mg(0.6) 





The gain in KE is }mv,? where the maximum speed (at C) is v, m s“!. 
So by conservation of energy, 
jm = 6m 
vis12 
v,=V12 
Hence the maximum speed is V12 m s“!. Note that the results are independent of the 
mass of the particle. 


Exercise 25.1 (Answers on page 652.) 
[Take g = 10 ms] 
1 Find the work done when a load of 50 kg is lifted vertically through 10 m. 


2A block is pulled horizontally through 4 m at a steady speed by a force of 20 N, 
inclined at an angle of 60° to the line of motion. Find the work done. 


3. A mass of 20 kg is pulled across a rough horizontal floor (coefficient of friction 0.4) 
through 2 m at a steady speed by a horizontal force. Find the work done. 


4 If a mass of 10 kg at rest acquires a velocity of 2m s* after being pulled through 
1.5 m, what force is acting in the direction of motion? 


5 A body of mass 1 kg travelling at 2.5 m s on a horizontal surface meets a rough patch 
and comes to rest in 2 m. What is the resisting force? Also find the coefficient of 
friction of the rough surface. 


6 The velocity of a body of mass 0.5 kg is reduced from 3 to 1.5 ms" in a distance of 
1.5 m. What force is acting on the body? 

7 A ball of mass 250 g is Projected up a smooth plane inclined at angle @ to the 
horizontal where sin @ = a with a velocity of 5 ms“. 
How far wil it travel before coming to rest? 

8 What force is required to stop a mass of 5 kg travelling at 2 m s* in 1.5 m? 


9 A car whose mass is 500 kg starts from rest at the foot of an incline of 75 and after 
travelling for 0.5 km has reached a speed of 5 ms. 
If the resistances to motion amount to 250 N, what was the average tractive force of 
the engine? 
10 A car of mass 400 kg travelling at 9 m s“! comes to rest in 200 m, What was the 
resistance? 
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11 A train of mass 100 t travelling at 0.5 ms“ hits the buffers at a station and comes to 
rest in a distance of 30 cm. What is the average resistance of the buffers? 


12. A ship of mass 5000 t moving at 0.01 m “hits a quayside and continues to move for 
15 cm before coming to rest. What average force does the quay exert on the ship? 





13 A particle of mass 1.5 kg is projected up an incline of 4 with an ini 
1 ms“, How far will it travel up the incline if 
(a) the surface is smooth, 
(b) the coefficient of friction is 0.5? 


speed of 





14 Find the average force required to stop a 5 t lorry travelling at 1@ ms“ on a level road 
in a distance of 15 m. 


15. A pendulum consists of a light string 60 cm long attached to a mass of 5 kg and can 
swing freely. It is held taut at an angle of 60° to the downward vertical and released. 
Find the velocity of the mass at its lowest point, 





16 A mass of 4 kg suspended by a light string 2 m long and at rest is projected 
horizontally with a velocity of 1.5 ms". Find the angle made by the string when the 
mass comes to momentary rest. 


17 A mass of 10 kg stides down a slope of 30° from rest. The coefficient of friction is 0.5. 
If the length of the slope is 5 m, find the velocity of the mass at the foot of the slope. 


18 Masses of 10 kg and 4 kg are connected by a light string passing over a smooth pulley. 
After the 10 kg mass descends from rest for a time of 2 s, find 
(a) the velocity of each mass, 
(b) the potential energy lost by the system. 


19 A constant force acts on a body of mass 2 kg and does 45 J of work. The effect on the 
body is that its final velocity is 2 ms" more than its initial velocity. Find the initial 
velocity of the body. 





20 A machine drives a conveyor belt which lifts 100 bottles per minute through a vertical 
height of 2 m and then pushes them forward with a speed of 3 ms. The mass of each 
bottle is 1.2 kg. Calculate the amount of work done per second by the machine. 





21 A bullet of mass 40 g strikes a fixed piece of wood 10 cm thick with a velocity of 
300 m 5" and emerges with a velocity of 120m s ', Find the average resistance of the 
wood. 

22 A particle is released from rest at the top of a rough inclined plane making an angle 
0 with the horizontal where sin @= 5. If the coefficient of friction is 0.4, what is the 
speed of the particle after travelling 3 m down the plane? 








23 A particle is suspended by a light string of length 30 cm from a fixed point O. The 
particle is now held on the same level as O with the string taut and projected vertically 
downwards with speed 1 ms". Find 
(a) the speed of the particle at its lowest point, 

(b) how high above O it will reach. 
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24 Fig. 25.11 shows a smooth track in the shape of a quarter circle AB, with centre O and 
tadius 0.8 m. OB is vertical and B is 2 m above the ground level. A particle is released 
from rest at A. Calculate 
(a) its speed at B, 

(b) how far horizontally from B it 





ill strike the ground. 





Fig.25.11 


25 A particle is projected with speed u m s“ directly up an incline of angle @ to the 
horizontal where sin @ = 4. It comes to momentary rest after travelling a distance of 
4m. Given that the coefficient of friction is 0.4, calculate 
(a) the value of u, 

(b) the speed of the particle when it retums to its starting point. 


POWER 


Consider a machine that does 100 J of work in Is and a second machine that does 
200 J of work in I s. We note that the second machine can accomplish more work (in fact 
twice as much) in the same time. The second machine is therefore more powerful than 
the first. Its rate of doing work is greater. We define power as the rate of doing work. 
Hence, power = amount of work (in J) done per second. 

‘The unit of power is therefore 1 J s which is given the name | watt (1 W). For very 
powerful machines, we can use a unit of 1 kW (kilowatt) = 10° W or | MW (megawatt) 
= 10° W. 

‘A well-known unit in the British system of units was the horsepower (HP) which is 
approximately 746 W. This was the original unit of power, established by James Watt in 
the 18th century when he worked on the development of steam engines and the new unit 
has been named in his honour. 
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Hence the total resistance to motion up-slope = 3500 + 5000 
500 N 


‘When travelling at its maximum speed (v ra s) the train has no acceleration. 
The pull P equals the total resistance, i.e. 8500 N. 








In 1 s the train moves v m. 


Therefore work done by the engine in | s = Py J. 





So the power of the engine is Pv W which is 70 kW 
ie, Pv = 70x 10° 
or 8500¥ = 70x 10° 

= WA 2 8.24ms! 





"8500 


This is equivalent to S34 x 60 x 60 = 29.7 kmh", which is the maximum 
speed up the incline. 


2x10 _ sO, 
= 9ms 





(ii) 20 km ho 


The train is not travelling at its maximum speed (found in (i)) but the power 
developed remains the same. Hence there is spare power available to accel- 
erate the train. 


Let the pull of the engine at sot instant (when the speed is ms") be P, N. 
‘The work done per s=P, x 5) 3 


s equivalent to 


and this is one to the power of the engine which is 70 kW. 
Thus, P, x ‘G = 70x 10° 

giving Ps = 12.600 N 

But the total resistance (from (i)) on the incline is 8500 N. 


So there is a resultant force P, of 12 600 — 8500 = 4100 N up the slope, 
which gives an acceleration a ms. 


Hence P= ma 
ie. 4100 = 200 10'x a 
giving a= 0.02 


Hence the acceleration is 0.02 ms. 





Example 11 


Anengine which is 80% efficient works ata steady rate to pump water, initially at rest, 
through a vertical height of 5 m and then discharges it at a speed of 8 ms" through 
a pipe of cross-section 10 cm*. At what rate is the engine working? (1 m' of water has 
a mass of 10° kg.) 

‘The work done by the engine consists of (a) giving it PE by lifting the water through 
a height of 5 m against gravity and (b) giving it KE by discharging it at a speed of 
8ms". 


In | s, a length of 8 m of water issues from the pipe with cross-section 
2 or 22 mt 

10 cm? or 3; me’. 

Therefore the volume of water carried per second = 8 x Mm? 


which has a mass of 8 x jr x 10° = 8 kg. 


When this mass of water is lifted through a height of 5 m, 
the PE gained = mgh 
=8x10x5= 400) 


The gain in KE= Smv?= } (8)(82) 
= 2563 
Hence the total amount of work done in | s = 400 + 256 = 656 J. 


As the engine is 80% efficient, this output is 80% of the actual work done by the 
engine. (The other 20% of work done is unproductive, mostly against friction.) 


Therefore 80% of the work done by the engine in 1 s = 656 J 
Hence the rate of work done by the engine = 656 x 48° = 820 W. 








Exercise 25.2 (Answers on page 652.) 
[Take g = 10ms?] 


1 Ifa car travels at a steady speed of 15 m s“ against resistances of 200 N, what power 
is being exerted by the engine? 


2 A boy of mass 44 kg runs up a flight of stairs of vertical height 4 m in 5 s. What power 
is he sustaining? 


3 A man runs 100 m in a time of 15 s. If the resistances to motion are estimated at 
45 N, what power does he use? 


4 The power of the engine of a car is 7 kW. What would be the maximum speed of the 
car on the level against resistances of 250 N? 


5. A pump raises water through a height of 15 m at the rate of 0.05 m’ per s. What is the 
power of the pump? 
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18 A water pump sends a mass of 0.3 kg of water each second into a vertical jet. If the 
power of the pump is 5.4 W. find the height of the jet and the speed with which the 
water leaves the pump. 


19 A conveyor belt carries 1200 kg of grain up a slope inclined at an angle @ to the hori- 
zontal where sin @ = 0.08 against a frictional resistance of 120 N. If the belt is 
travelling at 10 km hr', find the power used to drive the belt. 





20 A truck develops a constant power of 180 kW. If its maximum speed on the level is 
25 ms", find the resistance to motion. 
If the truck of mass 3 x 10° kg, now climbs a slope of angle 6 to the horizontal, where 
sin @ = 35, against the resistance, calculate 


(a) the maximum speed up the slope, 
(b) the acceleration of the truck when its speed is 15 ms“. 


SUMMARY 


© Work (WW) done by a force (P) in moving a body a distance (s) in the direction of the 
force is 


givenby = W=Ps 
Using vectors, W = P.s 








= Pscos @ where @ is the angle between the force and the direction 
of motion of the body. 


© = The unit of work is | joule (J) which is the work done when a force of | N moves a 
body through a distance of 1 m in the direction of the force. 


© Kinetic energy, KE= $m? 
© Potential energy, PE = mgh 


© Principle of conservation of energy: The total energy in a closed system is constant. 
If no energy is dissipated through friction, heat, sound etc., the principle of conserva- 
tion of energy will take the form: 


KE + PE = constant. 


© If work is done by a force on a body then 
work done = initial energy — final energy 

(where energy = KE + PE) 

© Power = rate of doing work 


Unit of power is 1 watt (W) = 13s! 
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REVISION EXERCISE 25 (Answers on page 653.) 


1 A missile of mass 50 kg is projected vertically upwards with a speed of 200 m s* from 
a submarine lying on the bottom of the sea at a depth of 600 m. Assuming that the 
water offers a constant resistance of 160 N to the motion of the missile, calculate 
(i) the kinetic energy of the missile as it leaves the water, 

ii) the maximum height above sea-level reached by the missile. © 


x 


Fig. 25.15 shows a mass of 5 kg placed on a rough horizontal table and attached to one 

end of a light inextensible string which passes horizontally over a smooth light pulley 

at the edge of the table. The other end of the string is attached to a mass of 3 kg which 

hangs freely. The coefficient of friction between the 5 kg mass and the table is 0.4, 

and the distance of the 5 kg mass from the pulley is 2.5 m. The system is released 

from rest, Calculate 

(i) the time taken for the 5 kg mass to reach the pulley, 

(ii) the loss of potential energy of the system during this time, 

(iii) the kinetic energy of the system immediately before impact with the pulley. 
© 








Fig. 25.15 


wo 


The top of a chute whose length is 12 m is 3 m vertically above its lowest point. A 
parcel of mass 1.6 kg slides from rest from the top of the chute and reaches the lowest 
point with a speed of 5 ms". Calculate, for the parcel, 

(i) the gain in kinetic energy, 

Gi) the loss in potential energy, . 

(iii) the work done in overcoming the frictional resistance, 

iv) the average value of this resistance. 





‘After reaching thé lowest point of the chute, the parcel slides along a horizontal floor, 
the resistance to motion being 4 N. Calculate how far the parcel travels before coming 
to rest. © 


a 


A pump forces oil from rest through a horizontal pipe so that it emerges with a speed 
of 6 ms" from a nozzle of cross-sectional area 2 x 10 m?, The mass of | m' of the 
oil is 2500 kg. Calculate, in kW, the power developed by the pump. 

Calculate by how much the power will have to be increased if the nozzle is raised 
through a height of 2 m and the oil emerges at the same speed. © 
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9 (a) Anengine, working at an effective rate of 0.2 kW, pumps water, initially at rest, 
through a vertical height of 4.8 m, where it is ejected with a velocity of 2 ms". 
Calculate the number of kilograms of water delivered per second. 

(b) A car of mass m kg is being driven down a slope inclined at an angle ot to the 
horizontal, where sin & = 75. Given that the frictional resistance to motion is 
600 N, and that the acceleration is 0.8 ms, when the velocity is 15 ms", show 
that the effective power developed by the car at this instant is (9 + 7%) kW. 

© 





10 A car of mass 1800 kg ascends an incline at a constant speed of 14 m s"'. Given that 
the frictional resistance is 400 N and the engine is working at a rate of 17.5 kW, 
calculate the angle that the incline makes with the horizontal. 

Assuming that the frictional resistance and the rate of working remain constant, 
determine the acceleration of the car on a level road at an instant when the speed is 
ms. (c) 


11 A four-engined aeroplane of mass 120 000 ky flying horizontally at a constant 
speed of 240 m s“', Each engine produces a driving force of 52 000 N. Calculate 
(i) the air resistance to motion, 
Gi) the power produced by each engine. 
If one engine has to be cut out, what deceleration will be produced? 





12. A car of mass 600 kg is travelling along a level road at a constant speed of 90 km hr! 
The frictional resistance is 450 N. Calculate (in kW) the power being used. 
‘The car now climbs a slope inclined to the horizontal at angle 6, where sin @ = 0.02, 
at the same speed.If the frictional resistance is the same as before, what power is now 
being used? If this power is used but the speed of the car up the slope is 72 km 
h-', what acceleration will it have? 


13 A block of mass 6 kg is projected with a speed of S m s"' directly up a rough plane 
inclined at @ to the horizontal, where tan @ = 3. The block travels a distance of 
1.25 m before coming to momentary rest and then slips back down the plane. 
Calculate 

i) the initial kinetic energy of the block, 

(ii) the gain in potential energy between projection and momentary rest, 

i) the coefficient of friction between the block and the plane, 

(iv) the velocity of the block as it passes through its starting point on the way down. 








14 A cyclist and his machine together have a mass of 75 kg. If the eyclist works at the 
rate of 0.15 kW, his maximum speed on level ground is v m s*, if he climbs a slope 
of angle 6 to the horizontal, where sin @ = 35, using the same power and against the 
same resistance, his maximum is now $m s“, Find the value of v. 
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15 Fig. 25.18 shows a track in the form of a quarter circle AB, centre O and radius 
1.6 mand a straight horizontal section BC. OB is vertical. The section AB is smooth 
but BC is rough. A particle of mass 2 kg is projected vertically downwards at A with 
speed 2 m s"' and comes to rest at S where BS = 3 m. Calculate 
(i) the change in kinetic energy of the particle, 

ii) the change in potential energy. 
(iii) the speed of the panicle at B, 
(iv) the coefficient of friction along BC. 





Fig. 25.18 


16 A particle of mass 4 kg is falling vertically with speed of 10 m s' when it meets a 
dense layer of material 3 m thick which gives a constant resistance of 50 N. Find the 
speed with which the particle comes out of this layer. 

If the particle had been moving upwards with speed u m s“ when it entered the layer, 
what is the minimum value of uw so that it will pass through the layer? 





17 A particle P is attached by a light string 2 m long to a fixed point O. The particle is 
held so that OP makes an angle of 60° with the downward vertical through O and is 
then projected with speed v m s* downwards at right angles to OP. If it comes to 
momentary rest when it reaches the level of O, find the value of v. 


18 A car of mass 800 kg moves up a slope inclined at angle @ to the horizontal, where 
sin @ = qh, at a steady speed of 25 m s“. The road resistance is 100 N. Calculate the 
power being used. 

If the car now travels down this slope, with the same resistance and using the same 
power, what would be its acceleration when the speed is 25 m s"'? 


19 A particle of mass 2 kg is dropped from a height h, m onto a concrete floor and 
rebounds to a height h, m. Given that it loses 64 J of energy, show that h, ~ h, = 3.2. 
Given also that the velocity of lift off from the floor is 4 m s" less than the velocity 
on hitting the floor, find the values of h, and A. 








20 (a) As part of a manufacturing process a machine lifts a number of components, each 
of mass 0.6 kg, from rest through a height of 1.3 m and then projects each one 
with a speed of 2 m s"'. 
Given that the effective power output of the machine is 27 W, find how many 
components are dealt with per second. 


(b) Fig. 25.19 shows the vertical plane through the portion ABC of a road along 
which a car of mass 750 kg travels against a resistance. The points A and C are 
36 m and 28 m respectively higher than the lowest point B. 


Fig.25.19 





The car coasts from A to B, a distance of 150 m, with no power being transmitted 
to its wheels. Given that its speed at A is 12 ms“, its speed at B is v ms", and 
that the average resistance is 720 N, find, as the car travels from A to B. 

(i)_ the loss in potential energy, 

(ii) the gain in kinetic energy, in terms of v, 

(iii) the work done against the resistance. 

Hence show that v = 24. 

When the car arrives at B, power is supplied to the wheels and, 7.5 seconds later, 
the car arrives at C with a speed of 20 m s~!. Given that the distance from B to 
Cis 120m, and that the average resistance is again 720 N, find, as the car travels 
from B 0 C, 

(iv) the gain in potential energy, 

(v) the loss in kinetic energy, 

(vi) the work done against the resistance. 

Hence calculate the average power supplied by the engine from BtoC. — (C) 
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Momentum 
and Impulse 


Consider a body, mass m kg, moving in a straight line with velocity um s“, Now suppose 
a force P/N acts on the body in the direction of its motion for t s (Fig. 26.1). 


Fig. 26.1 aes 


The force will give the body an acceleration a 





given by P=ma wi) 
The velocity v reached after # s is 

given by =utat Gi) 
From (ii) a=2>e 


Substituting this into (i), we have 


pant) 





ie. P= — (iii) 
or Pt=my—mu (iv) 


This equation shows the relationship between two important quantities. Pr is called the 
impulse of the force. It is the product of the force (assumed constant) and the time for 
which it acts. Since force is measured in newtons and time in seconds, the unit of impulse 
is the newton-second (N s). Thus the impulse of a force of 50 N acting on a body for 0.1 
sis 50X0.1=5Ns. 
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‘The right hand side of (iv) measures the change in a quantity called the momentum 
of the body. The momentum of a body is the product of its mass and its velocity 


ie. momentum = mass x velocity. 





Hence the initial momentum is mu and the final momentum mv, my ~ mu is then the 
change in momentum. Equation (iv) can be restated in words as follows: 


impulse of force on a body = change of momentum of the body 


Since the unit of impulse is N s, it follows that the unit of momentum must also be N s. 
So a body of mass 3 kg travelling at 4m s“ has a momentum of 3 x 4 = 12 Ns. 

To find momentum in N s, mass must be expressed in kg and velocity in m s, 

Since momentum is the product of a scalar (mass) and a vector (velocity), it is itself 
a vector quantity. Care must therefore be taken with its direction. 

If the initial and final velocities are in the same line as the impulsive force, we measure 
the momentum in the direction of the force and use the following equation: 


impulse = final momentum — initial momentum 


The arrows show that all are measured in the same direction. 
If the two momenta are in different lines, the change of momentum must be found by 
vector subtraction. Such cases will not be dealt with as they are beyond the scope of this 
book. 
Returning to equation (iii), we note that ™—™ represents the rate of change of 
momentum, Hence equation can be stated in words as follows: 


mv — mu 





force = rate of change of momentum 





Example 1 


A constant force of P N acts on a body of mass 2 kg travelling at 4m s" for 0.3 s in 
the direction of its motion. If its final velocity is 7 m 5, what is the force? 

us4ms* ve7ms* 

sams yams” 


n——-€9) 


‘Change of momentum in the direction of the force 


Impulse of the fore: 





= final momestum — initial momentum Fig. 262 
2x7 - 2x4 





hange of momentum 





giving P= 20 
[Alternatively, we can use: Force = rate of change of momentum 
ie. P= & = 20s before.] 


Hence the force is 20 N. 








sm 





Example 2 


A body of mass 2 kg travelling at 10 m s* encounters a constant frictional force of 
5N. How long does it take for the body to come to rest? 





u=10ms* v=0m 


Fig. 26.3 


Let the time taken be ¢ s. 


Impulse of the frictional force = St Ns 


‘Change of momentum in the direction of the force 


=2x0-2x(-10) 
=20Ns 





Hence the time taken is 4 s. 








Example 3 


A ball of mass 0.2 kg is dropped from a height of 5 m onto a concrete floor and 
rebounds to a height of 1.8 m. Find the impulse of the floor on the ball. If the contact 
time is 0.05 s, find the average force on the ball. 

Let the velocities on arrival and lift-off be v, and v, m s“' respectively, and the 
impulsive force be P N (Fig. 26.4). 





Fig. 26.4 
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We use the equation ? = u? + 2as where 10 m sto find v, and v,. 





For the downward motion, 
+ 2(10)(5) 
10 








giving v, 
For the upward motion, 
0 2 = 2(10)(1.8) 








giving v, 
Impulse 





‘hange of momentum in the direction of the force P (upwards) 
omentum after impact ~ momentum before impact 
.2 x 6 - 0.2 x (-10) 


Hence the impulse of the floor on the ball is 3.2 N s. 
But impulse = Pr where 1 = 0.05 

therefore P x 0.05 = 3.2 

giving P = 64 





Hence the average force on the ball is 64 N. 





Example 4 


A hose of cross-section 2 cm delivers a jet of water horizontally with a speed of 
20 ms. With what average force does the water hit a vertical wall? (Assume that the 
water does not rebound and that the mass of Im! of water = 10° kg.) 


! 
20m wt 





Fig. 26.5 


The, impulsive force P N exerted by the wall on the water (which equals the force 
exerted by the water on the wall) = momentum of water destroyed on impact since the 
water does not rebound. 





Consider the momentum destroyed in 1 s. 
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‘Volume of water issued from the hose in 1 s 






length of water issued x area of cross-section 
= 20 mx (2x 104) m 
=4x 10? m 


Mass of water = 4 x 10° x 10° 
=4ke 


thus the momentum destroyed in 1 s = 4 x 20 
=80Ns. 


The impulse lasts for 1 s, 
therefore P x | = 80 
ie. P=80 


Hence the average force on the wall is 80 N. 





Exercise 26.1 (Answers on page 653.) 
[Take g = 10 ms?] 


Find the momentum of the body in each of the following: 
(a) mass 2 kg, velocity 5 ms 

(b) mass 0.25 kg, velocity 2m s* 

(©) mass 80 g, velocity 1.5 m s* 

(a) mass 300 kg, velocity 20 km hr! 


A force of 10 N acts on a body of mass 2 kg for 0.5 s. What is the increase in 
momentum? If the body was originally travelling at 5m s“, what is its final speed? 
How far will it travel in this time? 


Nv 


3A body of mass 1.5 kg travelling at 3 m s* is acted on by a force PN for 0.75 s. If 
its velocity at the end of that time is 5 m s*, find the value of P. 


a 


A ball of putty, mass 0.75 kg, moving at 3 m s* hits a wall at right angles and stops 
dead. Find the impulse on the ball. 


a 


A ball of mass 60 g moving at 4 m s* hits a wall at right angles. If it rebounds with 
speed 2 m s“, what is the impulse on the ball? 





a 


A hammer of mass 5 kg, travelling at 4 m s“ hits a nail directly and does not rebound. 
What is the impulse on the hammer? If the contact effectively lasts 0.5 s, what is the 
average force between the two? 


a 


A mass of 1.2 kg travelling at 2 m s* strikes a wall at right angles and rebounds (also 
at right angles) with a velocity of 1.5 m s“'. If the contact lasted 0.25 s, find the force 
‘on the mass. 


A ball of mass 0.25 kg falls freely onto a concrete floor from a height of 20 m and 
rebounds to a vertical height of 5 m. If the ball was in contact with the floor for 
8 s, find the average force exerted on the ball. 
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9 A truck of mass 50 kg has its speed reduced from 4 ms" to 1.5 ms" in 30s. Find the 
braking force (assumed constant). After what further time will the truck come to rest 
under this force? 


10 A tennis ball of mass 30 g travelling horizontally at 20 m “is hit straight back at 
30 ms“. If the impact lasted 0.04 s, find the average force on the ball. 


LL A box of mass 10 kg is dragged across a rough floor (coefficient of friction 0.5) by 
a force PN. If the speed of the box is increased from 0,5 ms"! to 1.9m sin 10 s, 
find P. 


12. A hose (cross-section 4 cm?) delivers water horizontally with a speed of 25 m s*. 
What is the impulse of the water on a vertical wall (assuming no rebound)? What 
average force acts on the wall? 


13 A horizontal jet of water is emitted from a circular pipe of radius 1 cm at a speed of 
12 ms", Find the mass of water emitted per s and the average force exerted on a 
vertical wall. 


14 A particle of mass 3 kg moves on a rough horizontal surface with coefficient of 
friction 0.4. When it is 3 m from a vertical wall its speed is 7 m s“ and it is moving 
at right angles to the wall. If the impulse on the particle is 24 N s, calculate its speed 
before and after hitting the wall. 


15 A ball of mass 100 g is thrown at a horizontal floor and hits it with speed 6 ms“ at 
an angle of 30° to the floor. Given that the horizontal component of its velocity is 
unchanged by the impact and that the vertical impulse on the ball is 0.5 N s, find the 
components of its velocity after the impact and hence find the velocity in magnitude 
and direction. 





CONSERVATION OF MOMENTUM 


Let us now consider what happens when two bodies A and B collide. We will only 
consider direct collision, that is, the two bodies are moving in the same straight line. 
Suppose A with mass m, and B with mass m, are moving with velocities u, and u, before 
collision, and v, and v, after collision respectively (Fig. 26.6). 


, u, 


Betore 
5 
Fig. 26.6 a @ @ 
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Change in momentum of A = m,v, ~m,t, @ 
Change in momentum of B = m,v,— mu, (i) 
Now when A and B collide, each will exert an impulse on the other. 


By Newton’s Third Law, A will exert a force P on B and B will exert an equal but 
opposite force P on A. The time of contact, f s, is naturally the same for both. Hence the 
impulse of A on B equals the impulse of B on A (both = Pt) and hence the changes in 
momentum of A and B are equal but opposite in direction. 





Thus, from (i) and (ii) we get 
my, ~ mu, = (m,v, ~ m,u,) 
[negative sign indicates opposite direction} 





Y, = mu, + my, 


‘This shows that the total momentum after the collision equals the total momentum before 
the collision. This in essence is the principle of conservation of momentum: 


In any collision between two bodies, the total momentum in any direction is 
unchanged, provided no external force acts in that direction. 


In Examples 3 and 4, momentum was not conserved as the forces were external forces. 
Gravity is not however an external force in this context. We can also use the principle in 
the form: momentum before collision = momentum after collision (in the same direction). 
‘As an example of the principle, consider a gun being fired. The gun rests against the 
shoulder of a man. The explosion gives the bullet forward momentum and so the gun 
must acquire an equal amount of momentum backwards, thus producing the recoil of the 
gun against the man’s shoulder. A more sophisticated example is how a spacecraft can 
change direction in space. As there is no resistance to motion in empty space, any object 
will move continually in a straight line. It is impossible to produce an extemal force to 
change direction or to slow down, as there is no atmosphere or friction to ‘push against’. 
If however a small rocket is fired from the spacecraft, momentum in that direction is 
created and an equal but opposite amount of momentum affects the spacecraft, thus 
changing its direction of motion or its speed. So to increase the speed of a spacecraft, a 
retrorocket is fired backwards, giving the craft additional momentum (and hence in- 
creased speed) forwards, To slow it down, a forward-facing rocket is fired, so reducing 
the momentum of the spacecraft. 





Example 5 


A particle of mass 2 kg is moving at 8 ms. It collides with a stationary particle of 
mass 3 kg and they move together. Find their common speed. Find also the loss of 


kinetic energy during the collision. 
Let the common speed after collision be vm s*. 
Momentum before collision = 2 x 8 +3 x0=16Ns 





Momentum after collision = Sv N s 
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Adding (i) and (ii), we have 
8=8r 





giving 
Substituting 





1 into (i) gives h = 3. 





Hence collision occurs 3 m above the ground. 


(b) 


Let the velocities of A and B just before collision be v, m sand vy, m s* 
respectively. 





‘The negative sign indicates that B is moving downwards just before impact. 
Note: If we use = u? + 2as, we would get v,? = 64 ~ 2(10)(3) = 4 but we would 
not know if v, = +2 or -2 and it would be incorrect to assume v, = +2. 





Hence the velocities of A and B are 10 m s* and 2 m s* respectively before 
impact and both are in the downward direction. 


(©) Let the common velocity after collision be um s“. 
By conservation of momentum, 


(0.5 + 0.2)u = 0.5 x 10 + 0.2 x 2 
0.7u= 5.4 


giving u=71 


Hence the common velocity after collision is 7.71 m s“'. 


Before Alter 


05 kg E |g lo 


0.2 kg 
|: 


Fig. 26.12 


(4) With um s“ as the initial speed and distance = 3 m, the final velocity v m s“' on 
reaching the ground is given by 
v= + 2as 
7.717 + 2(10)3) 
= 119.4 






giving v = 10.9 
Hence the speed on reaching the ground is 10.9 m s"'. 
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[ kample 9 


Fig. 26.13(a) shows the particles A and B of masses 0.6 kg and 0.4 kg respectively, 
connected by a light string passing over a smooth pulley. The particle C of mass 
0.5 kg is resting on a table and is attached to B by a string which is slack. A and B are 
held at rest with the connecting string between them taut and then released, Find 
(a) the acceleration of A, 

(b) the distance A descended and its velocity after I second. 

At this time, the string connecting B and C becomes taut and C is lifted off the table. 
Calculate 

(c) the velocity and acceleration of A immediately after C is lifted off the table, 

(d) how much lower A will descend. 











Fig. 26.13(a) 





(a) The acceleration a m s* is found from Fig. 26.13(b). 
C can be neglected at this stage as the string between B and C is slack and hence 
it will not affect the ensuing motion. 


For A, 6 -T = 0.6a 
For B, T-4 =0.4a 


Solving the two equations gives a = 2m s°. 











6N  4N 


Fig. 26.13(b) 
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(b) A will descend a distance s m given by s = ut + 3aP 


© 


@) 


ie.s=04+3x2xP=Im, 

The velocity of A at that time will be v=0+2x 1=2ms*, 

‘When the string connecting B and C becomes taut, the velocities and acceleration 
immediately change. The total momentum is unchanged however, so we can find 


the new velocity. Since the particles are connected by tight strings, we can take 
them as one body (Fig. 26.13(c)). 


2ms* 





0.6 kg 


Atter 


2 
a 
| 





O68 Kg o4Kg O5kg 


Fig. 26.13(c) ms" 





Momentum of the system before C is lifted = (0.6 + 0.4) x 2+0.5 x0 
=2Ns 
Momentum of the system after C is lifted = (0.6 + 0.4 + 0.5)y, = L.5v, where 
v, is the common velocity of the particles immediately after C is lifted. 
By conservation of momentum, 
1.5v, =2 

ee a 
giving v, = $ 
Hence the new velocity of A is $ ms 
The new acceleration is found as in (a) by taking B and C as one particle of mass 
0.9 kg. Check that it is 2 m s* in the opposite direction to the previous accelera- 
tion. 
A now has a velocity of $m s' downwards and an acceleration of 2 m s? 
upwards, It will descend a distance s given by 0= (4) +2x(-2)xsie.s= 4 


Hence A will descend a further distance of < m. 











Exercise 26.2 (Answers on page 653.) 
[Take g = 10 ms"} 
1 Two masses of 30 kg and 20 kg, travelling at 4 m s“' and 1 ms“ respectively in the 


same direction, collide and continue together. Find their common speed after the 
collision. 


2. A toy railway truck, mass 0.3 kg, travelling at 2 ms", collides with another stationary 
truck, mass 0.25 kg, and they couple together. Find the common speed after impact. 
and the impulse between them. 

3 A gun of mass 450 kg fires a shell of mass 2 kg horizontally at a speed of 300 m s“, 
Find the initial recoil velocity of the gun. If the gun comes to rest (moving horizon- 
tally) in 10 s, find the average resisting force. 


4 Two masses of 3 kg and 2 kg move towards each other at speeds of 1.5 m s“' and 
2m s respectively. After the collision they move together. Find their common 
velocity. 

5 A mass of 0.1 kg travelling at 10 m s* overtakes and collides with a mass of 0.5 kg 
moving at 2 m s"'. They move on together. Find their common velocity, 


6 Two billiard balls of equal mass (0.8 kg) are moving in opposite directions (in the 
same line) with speeds of 12 m s and 5 ms“. They collide and the slower ball is now 
seen moving at 8 m s~ in the opposite direction. Find the new speed of the other ball 
and the impulse between them. 


A body of mass 10 kg is moving horizontally with a speed of 20 ms“. It explodes and 
splits into two parts of masses 6 kg and 4 kg. The 4 kg part continues to move in the 


original direction but with a speed of 30 ms“. Find the speed of the 6 kg part, 
assuming it moves in the same direction. 


. 


A spacecraft of mass 450 kg is moving in space with a speed of 3 x 10" ms“. A rocket 
is fired straight ahead, emitting 1.5 kg of gas at a speed of 2 x 10* m s*. Ignoring the 
slight reduction in mass of the spacecraft, find its new speed. 








. 


Two masses of 4 kg and 3 kg are connected by a light string over a smooth pulley. 
After moving for 5s, the 3 kg mass picks up a third mass of 1 kg instantaneously. Find 
the speed of the 3 masses after the pickup. 


10 Two masses of 5 kg and 2 kg are connected by a light string over a smooth pulley. The 
5 kg mass if at rest on a horizontal table (below the pulley) and the 2 kg mass is 
released from rest. After it falls freely for 2 s the string is tightened and the 5 kg mass. 
is jerked off the table. Find the velocity with which the masses now continue. Also 
find their common acceleration. 


11 Two masses of 5 kg and 2 kg are connected by a light string over a smooth pulley. The 
system is released from rest. Find the common acceleration. After falling for 2 s, the 
5 kg mass hits a horizontal table and does not rebound. Find the velocity of the 2 kg 
mass at this time and find how much higher it will continue to rise before coming to 
rest, Find also the common velocity when the string tightens again, 
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12 Particle A of mass 4 kg is let fall from a height of 5 m. 
Simultancously particle B of mass 1 kg is thrown vertically upwards from the ground 
with speed 10 m s* so that it collides and coalesces with A. Find 
(a) the height at which they meet, 
(b) their speeds and directions just before impact, 
(c) the common speed after impact, 
(d) how much higher the combined mass will rise. 


13 A particle A, of mass 4 kg, is travelling in a straight line due north with a speed of 
3 ms“; another particle B, of mass 3 kg, is travelling in the same straight line towards 
A with a speed of 5 ms“, After the collision A is moving south with a speed of 
2m", Calculate 
(a) the velocity of B after the collision, 
(b) the impulse between the particles. 


14 A gun of mass 45 kg fires a shell of mass 0.9 kg at a speed of 100 m s“' horizontally. 
Find the initial recoil velocity of the gun. If this recoil is opposed by a constant force 
of 250 N, how far does the gun recoil? 





15 A horizontal force of 10 N is applied to a body A of mass 2 kg, initially at rest on a 
smooth surface, for 5 s. What velocity is gained by A? A now collides with another 
body B of mass 4 kg at rest and the two continue together. Find the common velocity. 





16 A shell of mass 5 kg is travelling horizontally at 200 m s when it explodes into two 
parts, One part (of mass 3 kg) continues in the same direction at a speed of 400 m s"'. 
What will be the velocity of the other part? What are the KEs before and after the 
explosion? 


1 


3 


A nail of mass 20 g is driven horizontally into wood by a hammer of mass 3 kg. Just 
before the impact the hammer is moving horizontally at 4 ms". Find the common 
velocity of hammer and nail after the impact, if they move together, and if the nail 
penetrates the wood to a depth of 5 cm, find the average resistance of the wood. 


18 Two masses of 5 kg and 3 kg move directly towards each other and collide. Their 
speeds before impact are 4 m s-! and 3 m s~ respectively. After the collision the 3 kg 
mass reverses at a speed of 2 ms“. Find the velocity of the 5 kg mass after the 
collision, Also find the percentage loss of KE. 





19 Two pendulums with light strings each 1 m long carry masses of 1 kg and 2 kg and 
are suspended side by side from the same point. The larger mass is raised until its 
string is horizontal and taut and is then released. If the two masses stick together on 
impact, find the vertical height to which they rise after the impact. 





20 A pendulum consists of a mass of 8 kg attached to a fixed point by a light string 
50 cm long. The mass is at rest when it is struck a blow lasting 0.05 s by a force of 
200 N, acting horizontally. Find the angle made by the string with the downward 
vertical when the mass first comes to rest. 
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6 Three particles A, B and C of masses 0.3 kg, 0.2 kg and 0.4 kg respectively lie at rest 
in this order inside a horizontal smooth tube. A and B are projected towards one 
another with speeds of v m sand 5 m s“ respectively. On impact, A is reduced to rest 
and B returns with speed 4 m s* to collide and coalesce with C. Calculate 
(i) the value of v, 

ii) the final speed of B and C, 
(iii) the loss of kinetic energy caused by the first collision. (Cc) 


A particle A of mass 2 kg is dropped from rest from a height of 75 m above ground 
level. At the same time a particle B of mass 1 kg is projected vertically upwards from 
the ground so that it collides and coalesces with A after 3 seconds. 

(i) Calculate the speed of projection of B. 

(ii) Determine whether B is travelling upwards or downwards at the point of impact. 
(iii) Find the common speed of A and B immediately after impact. (C) 





ee 


A railway truck A of mass 4000 kg travelling at 2 m s“ collides with another truck B 
of mass 6000 kg travelling at 1 m s-' in the same direction. The speed of truck A after 
the collision is 1.25 m s“' in the same direction, Calculate the speed of truck B after 
the collision. 

A and B are now brought to rest by frictional forces which are in each case 50 N per 
1000 kg mass. Calculate 

(i) for how long A and B are each in motion after the collision, 

(ii) the final distance between them. © 


Fig. 26.15 shows three bodies A, B and C of masses 3 kg, 2 kg and 4 kg respectively 
moving in a smooth horizontal straight groove with velocities as shown. As a result 
of the collision between A and B, A is brought to rest and B moves towards C with 
velocity 7 m s, Calculate the value of u. 

When B and C collide they coalesce. Calculate 

(a) the final velocity of B and C, 





° 





(b) the total loss of kinetic energy due to both colli (Cc) 
ums’ 8ms" Ims* 
3'9 @) 2k © 449) 


Fig, 26.15 


10 Two spheres, A and B, of equal size but different masses, m, kg and m, kg respec- 
tively, travel towards each other along the line of centres with speeds of 8 m s-! and 
6 ms" respectively. After the collision A continues to travel in the same direction as 
before with speed 2 ms, while the direction of motion of B is reversed and its speed 
reduced to 3 m s. Given that the loss of energy on collision is 9.36 J, calculate the 
values of m, and m,. © 





11 A ball of mass 50 grams dropped from a height of 2 m on to a horizontal floor 
rebounds to a height of 1 m. Calculate the change of momentum due to the impact. If 
the impact between the ball and the floor lasts for 0.04 seconds, calculate the average 
force in newtons exerted by the floor on the ball. © 
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12 A particle of mass 1.5 kg is freely suspended from a fixed point by a light inextensible 
string of length 2 m. The particle receives a horizontal blow. When the particle comes 
instantaneously to rest, its horizontal displacement is 1.6 m. Calculate the correspond- 
ing vertical displacement of the particle and its initial velocity. 

Given that the duration of the blow was 0.003 s, calculate the average value of the 
force acting on the particle during impact. () 


13 Two spheres A and B of masses 0.5 kg and 2 kg respectively are moving in the same 
straight line on a smooth horizontal surface as shown in Fig. 26.16. Sphere A has a 
speed of 16 ms“ and B has a speed of 4 ms". On collision, A is brought to rest and 
B continues with speed u m s-!. Calculate the value of u. 

Sphere B then hits a vertical wall and rebounds with speed v m s* along the original 
line of motion. Given that the change in momentum of B on impact with the wall is 
26 N s, and that B is in contact with the wall for 0.02 seconds, calculate 

(@) the value of v, 

(b) ‘the loss in kinetic energy of B on impact with the wall, 

(©) the average force exerted by the wall on B. © 








Fig.26.16 


14 A ball P of mass m, moving with velocity u collides with another ball Q of mass m, 
which is at rest. After the collision Q moves with velocity ju and P moves with 
velocity 4u in the opposite direction. Find the ratio m,: 





15 A particle of mass 100 g is projected with speed 20 m s“ from a point O on level 
ground at an angle @ to the ground where tan @ = 3. At the top of its flight it hits a 
vertical wall and the impulse on the particle is 2.8 N s. Calculate 
(a) the height of the point of impact, 

(b) the velocities of the particle before and after impact, 
(©) how far from O it returns to the ground. 


16 Fig.26.17 shows a smooth channel made up of a quarter circle AB, centre P and radius 
0.8 m, a straight section BC and another quarter circle CD, centre Q and radius 1 m. 
PB and QC are vertical. A particle of mass 3 kg is released from rest at A. At C it hits 
and coalesces with another particle of mass 1 kg at rest. Calculate 
(a) the speed of the 3 kg mass before the impact, 

(b) the speed of the combined particles after the impact. 
If the two come to momentary rest at E, find 
(c) the height of E above the level of BC, Gos 
(d) the angle CQE. i 
1 
! 





Fig.26.17 


17 A light string passes over a smooth pulley. One end is attached to a particle A of mass 
8 kg. The other end is attached to a particle B of mass 7 kg. A particle C, whose mass 
is greater than 1 kg, is attached to B by another light string. When the particles are 
released from rest, their acceleration is 2 m s, Calculate 
(a) the mass of C, 

(b) the tension in each string. 

After the particles have moved for 1 second, the 8 kg mass picks up a stationary 
particle D of mass 4 kg. Find 

(©) the velocity of the particles immediately before this pickup, 

(d) the velocity of the particles immediately after this pickup. 





18 Ata certain instant 3 particles A, B and C of masses 2 kg, 1 kg and 3 kg respectively 
are in a straight line where the distance AB = the distance BC. A is moving at 
u (#2) ms“ towards B,and C is moving at 2 m s towards B. At each collision, the 
particles coalesce. If the final velocity of the three particles is 1 m s~! in the direction 
of u, find the value of u. 


19 Three balls A, B and C of masses 4 kg. 1 kg and 3 kg respectively, lie in that order 
in a straight line. C is initially at rest. A is projected towards B with speed um s“! 
whilst B is projected towards A with speed 4 m s“. A is reduced to rest in the first 
collision. If the speed of C is then 1} m s*, find the value of w and the loss of kinetic 
energy. 


20 Particles A and B lie on a smooth horizontal table of a height 1.25 m above level 
ground. The mass of A is 2.5 kg and the mass of B is 1.5 kg. The particle A is 
propelled towards B at a speed of 9.6 m s"'. Calculate 
(a) the impulse applied to A. 

On impact A and B coalesce and move towards the edge of the table, Calculate 

(b) the common speed of A and B after the impact, 

(c) the impulse exerted by A on B during the impact, 

(d) the loss of kinetic energy at the impact. 

When the combined particle reaches the edge of the table, it falls to the ground. Find 
(e) the time that this fall takes. 

By considering energy changes, calculate 

(0) the speed of the combined particle when it strikes the ground. © 
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7 A ball of mass 60 g travelling horizontally with speed um s-' is hit by a racket and 
rebounds with speed 30 m s“. If the impulse between the ball and the racket was 5 N 
find the value of u. 


8 An engine of mass 4 tonnes moving at 4 m s"' hits a stationary wagon of mass 500 kg 
and is coupled to it. The two then hit a second stationary wagon of the same mass as 
the first and the three are coupled together. Find the final speed of all three. 


9 A car of mass 750 kg is towing a trailer of mass 100 kg on level ground at a speed of 
24m sand accelerating at 0.8 m s®. Taking the frictional resistances on each vehicle 
to be 2 N per kg of mass, calculate the tension in the tow-bar. 





10 Particles A and B are hanging vertically from the ends of a light string which passes 
‘over a smooth pulley. When released they move with acceleration 2.m s%. If the mass 
of A is 5 kg, find the mass of B (two answers). 


PAPER 12 (Answers on page 653.) 


1 Ship A sailing due N at 15 km h”' sees another ship, B, which is sailing at 12 km h 
in the direction 300°. Calculate the velocity of B relative to A. 





2 A ball is thrown with speed u m s“ at an angle 6 to the horizontal where tan 6 = 3. 
If the greatest height reached is 7.2 m, find the value of u. 


3 Acar of mass 800 kg is travelling at a steady speed of 40 m s“' on a level road against 
a constant resistance of 500 N. What power is the engine using? Using this power, 
what would be the acceleration when the car is travelling at 20 ms"? 





4 In Fig. R10, a body of mass 4 kg is in equilibrium on a rough horizontal plane. Forces 
of 20 N and F N act on the body in opposite directions. If the minimum possible value 
of F is 4, calculate 
(a) the coefficient of friction, 

(b) the maximum possible value of F. 


20N FN 
Fig.A10 


5 Fig. RII shows a sphere of mass 4 kg and diameter 12 cm resting against a smooth 
vertical wall and held in equilibrium by a string AB of length 4 cm. Draw a diagram 
showing the forces acting on the sphere. Hence, by drawing or calculation, find the 
tension in the string. 


Fig.A11 
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6 A body of mass 5 kg is projected with speed 20 m s"' directly up a rough inclined 
plane of length 10 m fixed on horizontal ground and making an angle @ with the 
horizontal where sin @ = 4. The resistance to motion is 33.75 N. With what velocity 
does it reach the top of the plane? 

Itthen leaves the plane and moves freely under gravity. How long does it take to reach 
the ground? 


_ 


Particle A is travelling at a constant speed of 10 m s"' in a straight line. Particle B, of 

equal mass, is 16 m distant from A on the line and is moving towards A with speed 

5m" and uniform acceleration 2 m s°. 

(a) How far has A travelled when the particles collide? 

(b) Find their speeds at that point. 

(c) At the collision the particles join together. Find their speed immediately after the 
collision. 


ABCD is a square and E is the midpoint of DC. The forces 3 N, V5 N and 2 N act at 
A in the direction of the lines AB, AE and AD respectively. Find the magnitude of 
their resultané and the angle it makes with AB. 


o 





9 A pump raises 50 kg of water per second at rest from a well 8 m vertically down and 
discharges it with a speed of 4 m s*, Calculate 
(a) the increase in potential energy of the water per second, 

(b) the increase in kinetic energy of the water per second, 
(©) the power of the pump in kW. 

10 Fig. R12 shows two bodies, A of mass 5 kg and B of mass M kg, placed on the faces 
of a double wedge, whose faces make angles of 30° and 45° with the the horizontal. 
The face on which A stands is rough with coefficient of friction 3 while the other 
face is smooth. Calculate the maximum value of M if A is to remain at rest. 


OY Ns 


PAPER 13 (Answers on page 654.) 


1 A block of mass 3 kg rests on a rough plane inclined at an angle @ where tan @ = 3. 
It is just prevented from slipping down by a horizontal force of 10 N. Find the 
coefficient of friction between the block and the plane. 

What force, applied parallel to the plane, would be just sufficient to make the block 
move up the plane? 


Fig. R12 
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2 Two towns A and B are 500 km apart and the bearing of B from A is 030°. A wind 
is blowing from the direction 345°. A pilot wishes to fly from A to B and the airspeed 
of his aeroplane is 300 km hr, If he takes 2 hours over the flight, calculate 
(a) the course he must take, 

(b) the wind speed. 


3 A particle is travelling in a straight line with constant acceleration a m s®. It passes 
a point A with speed um s, Between 3 and 4 seconds after passing A it‘travels 
11.4 m and between 4 and 5 seconds after passing A it travels 11.8 m. Find the value 
of a and of u. 


4 A particle is projected with speed u m s* at an angle @ to level ground where tan © 
= 3. fit reaches its maximum height 30 m horizontally from the point of projection, 
calculate 
(a) the value of u, 

(b) the maximum height reached. 


5 (a) A mass of 10 kg is attached by two strings of lengths 15 m and 20 m to points A. 
and B. If A and B are on the same level and AB = 25 m, find by drawing or 
calculation the tensions in the strings. 

(b) The following coplanar forces acting at a point are in equilibrium: PN in 
direction 000°, 2P N in direction @° (0 < @ < 90), 3P N in direction 150° and 
20 N in direction 270°. Find the value of @ and of P. 


6 Fig. R13 shows two bodies A and B connected by a light string passing over a smooth 
pulley. A has a mass of 5 kg and lies on a rough plane inclined at angle @ to the 
horizontal where tan @ = 3, while B hangs vertically. The coefficient of friction 
between A and the plane is 0.4. Calculate the mass of B if 
(a) A moves up the plane with acceleration 1.4 ms, 

(b) A is just about to slide down the plane. 


Fig. R13. le 
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7 A rocket consists of three parts, A of mass 6M, B of mass 3M and C of mass M. The 
rocket is travelling in space with constant velocity V when an internal explosion 
causes part A to separate from the rocket with a backward speed of ¥. Find 
(a) the new velocity of parts B and C in terms of V, 

(b) the amount of KE generated by the explosion in terms of M and V. 
(c) A second explosion later separates B and C giving B a backward speed of 2V. 
Find the final velocity of C in terms of V. 


8 In Fig. R14, the particles A and B of masses | kg and 2 kg respectively are connected 
by a light string passing over the pulley P. Because the bearing of the pulley is not 
smooth, the tension in string PB is 1.2 x the tension in string PA. If the particles are 
released from rest, calculate 
(a) their acceleration, 

(b) the tension in PB, 
(€) the force exerted on the pulley. 


ae) ses 
Fig.R14 


A car of mass 750 kg has a maximum speed of 40 m s on the level when the power 
output of the engine is 20 kW. The car climbs a slope at an angle 8 to the horizontal 
where sin @ = 75. If the power output and the frictional resistance are unaltered, 
calculate 

(a) the maximum speed up the slope, 

(b) the acceleration up the slope when the car has a speed of $ ms". 


2 


10 A straight stretch of a motorway has three parallel lanes. Car A is travelling in an 
outside lane at a steady speed of 15 ms‘. Ata certain instant, car B is travelling in 
the middle lane with speed 20 m s“, constant acceleration 0.4 m s and is 30 m 
behind A. Car C is travelling in the third lane and at the same instant has speed 
25 ms", constant acceleration 1 m s* and is 20 m behind B. After what time will 
(a) B overtake A, 

(b) C overtake B? 
(c) How far ahead is A when C overtakes B? 
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PAPER 14 (Answers on page 654.) 


1 The three coplanar forces shown in Fig. R1S are in equil 
of 8 and of P. 





rium. Calculate the value 


30N 


Fig. AIS 


v 


A helicopter rises to a height of 240 m. First it accelerates uniformly to a speed of 
8 ms", maintains this speed for 6 seconds and then decelerates uniformly to rest. The 
magnitude of the acceleration is twice that of the deceleration. Draw a v-t graph. 
Hence, or otherwise, calculate 

(a) the rate of acceleration, 

(b) the time taken for the ascent. 


To a motorcyclist, travelling due N at 25 km hr, the wind appears to be blowing at 
15 km hr from the direction 030°. Calculate the true velocity of the wind. 








w 


a 


A police patrol boat receives a report that a suspicious ship is 30 km away on a 

bearing of 135° and sailing at 30 km hin the direction 045°. The patrol boat has a 

maximum speed of 50 km hr!. Calculate 

(a) the direction in which the patrol boat should be steered to intercept the ship as 
soon as possible, and 

(b) the time it would then take to reach the ship, assuming that the ship does not alter 
its velocity. 





wn 


Two particles P and Q are projected vertically upwards from ground level at the same 
instant. The initial speed of Q is three times that of P. When P has returned to the 
ground, the height of Q is 160 m. Calculate the initial speeds of P and Q. 


Ball A of mass 0.5 kg is moving towards ball B with speed 4 m s“' while B, of mass 
0.2 kg, is moving towards A with speed 5 ms“. They collide and A's speed is reduced 
to L ms". Calculate 

(a) the speed with which B rebounds, 

(b) the impulse between A and B. 


a 
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7 Fig. R16 shows three bodies A, B and C of masses 2 kg, | kg and 0.5 kg respectively, 
moving in a smooth horizontal groove with the velocities shown. The bodies coalesce 
‘on each impact. Given that the final speed of all three is 14 m s“ in the direction 
A C, find the value of v. 


zomg 


Fig. R16 ) C) os) 


(a) Anelectric motor drives a pump which raises a mass of 5 kg of water per second 
through a vertical height of 15 m and then sends it through a pipe with a speed 
of 8 ms“. If the motor is only 65% efficient, calculate the power of the motor. 

(b) A hosepipe of internal diameter 2 cm is held pointing upwards at an angle of 25° 
to the horizontal. Water emerges with a speed of 20 m s* and hits a vertical wall 
at right angles and then drops vertically. Calculate the average force exerted on 
the wall. 


o 


2 


Two particles P and Q of masses 3.4 kg and 2.6 kg respectively are connected by a 
light string passing over a smooth pulley. The particles are at rest hanging vertically 
and are released when P is 2 m above the ground, If P remains on the ground after 
impact, calculate 

(a) the speed of Q when P reaches the ground, 

(b) the total distance travelled by Q from the start until it comes to momentary rest. 


10 A body P of mass 2m is projected from a point A on level ground with speed w at an 
angle @ where tan @ = $. At the same time another body Q of mass m is projected 
towards A from a point B with speed v at an angle ¢ where tan @ = 3. Given that AB 
= 270 m and that P and Q collide when each is at its maximum height, find (a) the 
value of w and of v. 

If P and Q coalesce on impact, find (b) the distance from A where they reach the 
ground. 








PAPER 15 (Answers on page 654.) 


1 A missile is projected vertically upwards from ground level. Between I and 2 seconds 
after leaving the ground it rises 15 m. Calculate 
(a) the speed of projection, 
(b) the maximum height reached, 
(©) the length of time for which the missile is higher than 40 m. 


2 (a) A body of mass 3 kg rests on a rough plane inclined at an angle @ to the horizon- 
tal where tan @ = 3. The coefficient of friction between the body and the plane 
is $. What force, applied parallel to the plane, will cause the body to move up the 
plane with acceleration 2 m s*? 
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6 The pilot of a fighter aeroplane on patrol, flying horizontally at 400 km he! in the 
direction 045°, sees another aeroplane at the same height and due east of him flying 
horizontally with relative velocity 100 km h' due west. Calculate the true velocity of 
this aeroplane. The fighter pilot immediately alters course to due north with the same 
speed as before. Calculate the new relative velocity of the second aeroplane. 


_ 


(a) A bullet of mass 50 g is fired horizontally from a gun of mass 15 kg, which is free 
to recoil. If the bullet has a speed of 300 m s“' on leaving the gun, calculate the 
speed with which the gun recoils. 

If the average force exerted by the gun on the the bullet is 3750 N, find how long 
the bullet was in the gun after firing. 

(b) A body of mass 50 kg is moved from rest through a distance of 30 m in a straight 
line in 20 seconds by a constant force P N. Calculate (i) the final kinetic energy 
of the body, (ii) the value of P. 


8 A car accelerates uniformly from rest to reach a speed of 24 m s“!, continues at this 
speéd for 20 seconds and then decelerates uniformly to stop at traffic lights. The total 
time from start to stop was 35 seconds. Given that the magnitude of the deceleration 
was twice that of the acceleration, calculate 
(a) the total distance travelled, 

(b) the rate of acceleration, 
(©) the time taken to travel the first half of the journey. 


9 (a) A tennis ball of mass 60 g moving in a straight line with speed 20 m sis hit by 
a racket and returned along the same line with speed 35 m s+. Calculate the 
impulse on the ball. 

If the ball is in contact with the racket for 0.005 seconds, with what average force 
does the racket hit the ball? 

(b) A nail of mass 30 g is driven horizontally into a wooden fence by a hammer of 
mass | kg. Just before hitting the nail the hammer is moving with a speed of 
10 ms". If the hammer does not rebound, find the common speed of the hammer 
and nail after the blow. If the nail is driven 1.5 cm into the wood, calculate the 
average resistance of the wood. 





10 Two balls A and B, of masses 1 kg and 0.5 kg respectively, lie in a straight line 
perpendicular to a wall with B 9 m from the wall. A is projected with speed 6 ms" 
towards B which is at rest. After the collision, A continues in the same direction with 
speed 3 m s"' while B moves to hit the wall and rebound to meet A again. If the 
impulse of the wall on B is 3.5 N s, calculate 
(a) the speed of B after the first collision, 

(b) the distance of A from the wall at the moment B hits the wall, 
(©) the speed of B after hitting the wall, 
(@) the time between the first and second collisions. 


PAPER 17 (Answers on page 654.) 


1 Fig. R20 shows three particles A, B and C of masses I kg, 3 kg and 3 kg respectively. 
A and B are at rest on a rough horizontal surface with coefficient of friction 0.6 and 
are connected by a slack light string. C is held at rest and is connected to B by a light 
string passing over a smooth pulley. When C is released, the string AB will tighten 
after 0.7 seconds, Calculate 
(a) the initial acceleration of B, 

(b) the velocity of B just before and after 0.7 seconds, 
(©) the acceleration of B and the tension in the string AB, when AB is taut. 








Fig. R20 c 3k 











v 


The pilot of an aeroplane whose airspeed is 200 km h" sets a course of 020°. 

(a) What is his position after a flight of | hour if there is a wind of 40 km h blowing 
from the north? 

He then decides to retum to his starting point. 

(b) What course should he take, the wind being unchanged in velocity? 

(c) Calculate the time for the retum flight. 


w 


‘Two small spheres of masses 4 kg and 2 kg are cach attached by light strings of length 
40 cm to the same point A and rest side by side. The 2 kg sphere is then held with its 
string taut and making an angle of 60° with the downward vertical through A. It is re- 
leased from this position. Calculate 

(a) its speed just before it hits the other sphere. 

If the two spheres stick together on impact, calculate 

(b) their common speed and 

(©) the vertical height they will reach, after the impact. 


4 (a) Two bodies, A, of mass 3 kg, and B, of mass 4 kg, are moving towards each other 
on the same straight line with speeds 6 m s and 2 ms" respectively. They 
collide and after the collision the relative velocity of B to A is 6 ms" in the 
direction A — B. Find their speeds after the impact and the loss of kinetic energy. 
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6 In Fig. R24, particles A and B lie on a smooth horizontal table of height 0.8 m above 
the ground. The masses of A and B are 1.5 kg and 0.9 kg respectively. A is pushed 
towards B with speed 2 ms" and A and B stick together on impact. Find 
(a) the impulse given to A at the start 
(b) the speed of the combined particle after impact, 
(©) the impulse of A on B at the impai 
(d) the horizontal distance from the edge of the table of the point where the com- 

bined particle hits the ground. 
1.5kg 0.9 kg 








08m 


Fig.R24 








7A ferryman wishes to cross a river 300 m wide flowing at 4 m s between parallel 
straight banks. He can sail his boat at 6 m s" relative to the water. At what angle 
should he set out so as to cross 
(a) in the shortest time, 
(b)_ by the shortest distance? 
(c) Find the times taken to cross the river in each of these cases. 
(d) If however he sails at an angle of 60° upstream to the bank, how long will he take 

to cross the river? 


8 A ball is hit at 20 m s from floor level in a sports hall whose ceiling is 8 m high. 
(a) What is the maximum angle to the horizontal at which it can be hit if it is not to 
touch the ceiling? 
(b) At what angle should it be projected with the same speed so as to reach a point 
on the floor 25 m distant and not to touch the ceiling? 
(©) I the ball is hit at an angle 8° where sin @ = 0.7, again with the same speed, where 
would it hit the ceiling? 


9 A train takes 5 minutes to travel from rest at one station (o rest at the next station 
5.25 km distant. For the first 500 m, it accelerates uniformly at the rate of a m sto 
reach a speed of v m s". It continues with this speed before decelerating at the rate of 
2a m s*. Find the value of a and ¥. 









10 An engine with a power of 1000 kW can pull a train of mass 300 tonnes (including 
the engine) up a slope making an angle of @ to the horizontal where sin @ = pp at a 
maximum speed of 25 m s“!. Calculate the frictional resistance to motion. 

What would be the acceleration up this slope if the speed of the train was 20 m s"!, the 
power and resistance being the same? 
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Answers 


EXERCISE 1.1 


1 (a) (1§,1) (b) (3,2) (©) 133) A) (2,2) (&) 45-15) (0) (g) (2 
(h) (a+b) (i) (a+ lat) Gj) (3) 2 2314) G2) 54-54) 3 (1 ; 
4 (52) 52.7 6-1,10 7 (1,1) 0), (1-3) 9 (3,5); (15,7) 10 (2,1), (-1,-2) 
11 (a) (4,5) (b) (5,2), (7-4) 12 [Use coordinates of midpoint of diagonals} 

13 No; (4-1) 








EXERCISE 1.2 

1@5 5 © 13 @5 © 22 M61 45 (51 ()V2a G Vee 
2 Sunits 3 (a) Yes, at B  (b) (-1,2) {midpoint of AC] (c) 5 units 4 (a) AB? = 25, 

BC? = 25, AC? =50 (b) Right-angled isosceles (c) 12.5 units? § (a) Isosceles [PQ = QR] 
(b) (5,4) (©) 4 units, 8 units? 6 V41 = 6.4, V65~=8.1, ¥I22= 11.0 7 (a) (1,0) 

(b) 100, 68, 58,26 8 (a) (3,4), (6,1) (b) 15.25,61 (c) 3 9 S units 

10 [Fig.A1.1 circles touch internally] 12 x7 + y?=9 13 (a) Perpendicular bisector of AB 


(b) [AP? = PB*] (c) 7x+y=6 


Fig. A1.1 


OPTIONAL EXERCISE 
(a) 44 (b) 11§ (c) 63 (d) 33: (e) 37} 


EXERCISE 1.3 


1 (a) -2 (b)-1 (©) 1 ()2 (©) O (f) undefined (g) 2 (bh) 3 @1 @-t 
(K) p+q 2 (a0 )-3 ©) } @-} 3 @,©,(;),© 4 (@ 45° (b) 135° 
(c) 63° 5 Yes 7a+2b=4 821 10 (a)-5S (b)7 11 (b) 14 12 30r-6 
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EXERCISE 1.4 


1 (a), (e); (b), (d) 2 (la) -2_ ) £ Gia) 1) -1 a) 3 () -§ 
livia) =} (b) 7 3-Yes 44 Sb) -},2,-3 6 26.6%: 116.69 7 + 

8 (a) (i) (33,5) ii) -} (b) 6p + 8g=61 9 (b) 4 10 (a) (-5,0), (5,0), (0,5) 
1 @) 4,4 te) 3,2 


EXERCISE 1.5 


It (a) y=x+1 (b) 3x-4y=1 (c) x+Sy=16 (d)x+y=l (©) 2x+y=1 (Qy=2 
(g) x=-2 (h) y=2e (i) y=3x+8 G) x=-1 (k) x=0 2 (a) 1,0), (0,1) (b) (4,0), 
(0-4) () (16.0), (0, ¥) @ 1.0), ,1) ©) (4,0), 0,1) (O) does not cut x-axis, (0,-2) 
(g) (-2,0), does not cut y-axis (h) (0,0) (i) (—$.0), (0,8) G) (-1,0), does not cut y-axis 
Ik) (0,0) 3 2x-3y=6 4 3y-2r=0 5 (a) 3y+2x=-14 (b) 2y-3x=-5 

6 y=2e43,(-110) 7 y-x=5,y+2x=5, Sy t4x=7 8B (a) Sx-2y= 12, Tyex+ 
lax + Sy=14 (b) 4x-y=12 9x+y=7 10 (a) (Gi -11), (b) (1-5) (0) x+9y= 
Ixt+y=44 1 (a) (1,3) (b)} (©) y+2=S 










EXERCISE 1.6 


1(@)-1 &) 1 ©2 @2 ©-3 HF ~O mM: W-} MF &F 
© 3 @: @-} @-% 2@ -1 (b) 2v+y=1 (©) 2y=x-3 
(d) x-3; (f) 3x+y=-9 (g) y 3 (a) xty=lx-y=3 
6, 3x-4y=8 (d) x-3y=2,3x+y=-4 














EXERCISE 1.7 
1S units 2 4y-x=3 3 (@) x+y=S,y=2e-1 (b) BESO), C13) 4 3x+y=-5 


5 (2,0), VI3 units 6 (a) x-2y=1 (b) (1,0) 7 -1,4-1. 1,3) 8 (a) 61), 2-1), 
(0,6) (b) 6x~Sy=17 9 A(3.6).C(2.1) 10 (a) (1,1), 5.1), (24) (b) x= 2, =, 
3y+x=8 (c) (2,2) 1 (a) Sy—3x=30 (b) (-10,0) (c) 34 units? 12 (a) 2x- Sy =-27, 
Sx+2y=5 (b) (-11,1), (1,0), 13 (a) (3,0), (2,0) (b) 3y +x =-3,x-2y=2 () (0-1) 
(d) V2:1 14 (a) y-x=1y+x=9 (b) (4,5), (2,1) (c) G units? 15 (a) x+y =15 
(b) (4,7) (c) (0,5) (d) 10 units? 16 (a) 3x+ 2y= 11 (b) (*$4, 452) [Substitute in 
ax-3y=3) (c) 14 

















REVISION EXERCISE 1 
1 (a) x+2y=40 (b) 7xe+2y=-17 (c) 2e+ 5 2 (a) 3x+y=13 

+1;(3,4) (©) 10 units? 3 6 units 4 (a) x+2y=11 (b) (1.5) (©) 2,7) 
5 (b) 4x+3y=25 6 (a) $ (b) (5,7) 7 (a) 2y 
(b) (7,-1), (6-5) 8 (a) x+2y=5 (b) y=75(-9,7) 9 (a) 










607 








(b) (0, 1); 20 units? 10 (a) (2,4) (b) V8 units 11 (a) 3y—x=22 (b) (14, 12) 
(©) (16,6) (4) 80 units? 12 3x + 2y = 22; (0,11), (8-1); 6.45 units 
13 (2,3); y + Sx= 13; 2y=3x-13 (i) G,-2) Gi) (1,8) Gili) 26 units? 
14 (a) (4,4), (2-3) (b) (0,1), (2,0) 15 (a) y=3x+2 (6) (0.2) (©) y=3x-8 
(d) (2-2); 40 units? 16 (a) y=x+3; (6,9) (b) (-1,0) (c) 24 units? 17 (a) 4 
(b) x+2y = 20; (0,10) (c) [perp bisector is y = 2x + 5; OC is y + 3x = 0] (1,3) 
(d) 25 units? 18 (a) y=x+1,2y+x=5,3x-y=1 (6) (1,2) (©) S units 
19 (a) 2y-x (b) (4,23) (©) 2Sunits 20 } 21 -3,-1 22 (b) 3,2 
23 (a) (0,2- 3m), (2m+3,0) (b) +2 241+2; 6 
25 [line is y— 1 = m(x — 3) ie. y — mx = 1 - 3m; 

Ais (3%=1, 0), Bis (0, 1 - 3m) 

AC is y'= 1 (= B=!) s0C is 0, 874) 

BD is y — (1 ~ 3m) = —(x) so D is (m(1 — 3m), 0) 

mt 

Gradient of CD is == = 1 
26 (a) [consider point of intersection of diagonals) (b) (diagonals perpendicular] 
(©) [AB perp to Ad so 2=% x 2=% =I 


multiply out to get y,y, +x, = A e + x,)— x7 + y,0,+ ¥,) —y/ and substitute from (a)] 


EXERCISE 2.1 


1 (a) 3,20r1,4 (b) 3,1;-3,-5 (©) 3,-lorl,3 @ -%,-$ or4,1 (e) 4, 
() 3,-#0r3,1 (g) 5,80r2,-1 (bh) -2, Zor 4,1 (i) 2,-1 or # 
@ 3,20r3,% (kK) 1,-30r6,2 (I) 8,30r §,-1 (m) 3,-lor-1,-6 2 (2,4) 

3 (3,3) 4 (3,0) 5 Tangent at (2,1) 6 7cm,4cem 7 (4,9) 8 (0-5) 9 8,60r-6,-8 
10 5,20 0r 10,10 11 3-34) 12 (44,5) 


REVISION EXERCISE 2 


12,-1lor-,-10 2 (5-2) 3 (2,45) 4 (4,3),G3,3) 5-3,40r 3,2 

6 10cm, ScmorScm, 10cm 7 (a) 4 (b) (3,1) 8 3,20r-2,4} 95,7 

10 33,4 or 11 3,-1or %, 12 (b) 2,9 0r 8,3 13 (a) 4x (b) 1,3 0r 3, # 
14 2,4 0r21,-15 15 9,3 or-11,-7 16 (a) [From (x - 4)? + (y - 2" = 5} (b) (2,1), (6,3) 
(©) (5,0), 3,4) 


EXERCISE 3.1 


1 (a) 7, -3, -5,-5,-3-7 (b) 4,0, 1, 4,9, 25. (c) 2, undefined, -1, 0, !, 3 

(d) 10, 0, 2,0,10 2-1 3 (a) 2 (b) 1; (c)-1,2 (3 4 @) f(x) =P +2 
(b) 3,3,2 (©) 45 5 (b) Fxy=(e +2 (©) 9,14 @) 3,-7 (©) No 62 7 5,5,5 
8 (a) 24,32 (b) 4 9 (a) 1 (b)3 10 -2.19,069 11 -1,6 12 (a) 1,4 (b) -1,3 
13 -2,3 147;2,-3 153,-1,4 165,-3 171,25 18@1,+ () 1 @-11t 


. 
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10 [Fig.A3.8} 


Hw 


Fig. A3.8 


11 [Fig.A3.9] self-inverse function 
12 (a) $3 (bY) [Fig. A3.10] 
13 [Fig.A3.11) 
14 [Fig.A3.12] 





Fig. A3.9 Fig. A3.10 
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Fig. 3.11 Fig. A312 


15 (a) x= 1 or 2 (b)(c) [Fig.A3.13] 





Fig. A.19 


EXERCISE 3.5 

1 (@) x-1 (b) x-1 (©) x44 (4) x-6 2 (a) 0.64 (b) 068 3 (a) 3r+1 
(b) 3x45 (c)x-2 Gd) AE! (©) 3x-3 (EE 4 (a) x42 (Oy x43 

() x+4 (d) x45 ()xtm 5 (a) B32 (bt) BH? (©) ZY 6 (a) P+ 6x47 
) F+h-1 7-} 8@xt+4 & A © SE @ HP 92 

+420 () xl (©) 24+1x40 (@) 2-1 1 @ 242x240 
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() stre-2 © x40 @ S.x42 © 4-1 
all-a 

3 (x#-2,-1,-$);-1 18 xt] 
9 x-2 30 @ eh (©) hg (©) ge (6) hgg (e) hh ( ghh (g) g" 


3 
Bibs 1G) ps3 (b) 5, 12 15 [fis 2 


16 (a) Hire 1, ; () 5 17 he ee, -), 








Rxxgt 


(h) hg" 


21 (a) fg (b) gf (©) ff (d) gff (©) gf (f) f'g 22 (a) fe (b) ef () gg 


(d) fgg (e) fg" ( f'g (g) gt (h) fgg Bort 
25 (a) 45 (x #3, 2) ) 5 32) © 
(ews, 2. 2, #28) 











a 


REVISION EXERCISE 3 

1-1sxs3 

2) me (b) 3,2 

3 (api) xs torx2$ (ii) 4<x<2 (b) 2,3 
4 (Fig. A3.14] 


y=2-Ix-21 


5 [Fig.A3.15} 1 
6 [Fig.A3.16] 
713;2,-$ 

9 (@) 4+ 12e+5 (b) 2-5 (©) -1 
10 (0, 1,2}; no 
We oyety (ee -1, 








Ss 


wet (e#-1,-},- fa) 














Fig. A3.14 














12 + -2; gf! 

13 (a) -11; 5 (b)(i) S* (#0), 
(i) 7 (c) £2-3; fF2-11 

14 3,-5, 23, 2} [f(x) =x] 

15 (afi) 9x-8 (ii) #- 14 (x40) Gili) 2 #4) 
(b) 18,30 16 (a) 6 1 
() S* (d) 2 (x#0)  (e) (x # 6) 





Bae (x #3) 
































17 (a) fg (b) gg" (c) gg (d) gef (e) ef! 
18 (a) 24, 36 (b) ws (x #4, 12) (c) 2 


614 


























TA 








Fig. A3.15 


19 (a) 5 (b) 1 (©) ¥=8 x47) (@) -1,5 
20 (a) 2,3 (b) 6 (c) 4=* WFO) 
21 (ai) $-5e#0) Gi) AQ * 9:2 OW H* GO Gi) 5 4-12) 








23 (Fig. A3.18] 
24 (a) 122 (x #0); 22 (#25); 2, $ (0) 3,-7 
25 (Fig. A3.19] (0,1,2,3) 

26 (Fig. A3.20] 


27 (Fig. A3.21] 








Fig. A317 









































Fig. AB.21 


615 


28 (a) fgh (b) gfth (c) g'fth (d) hg'f! 

29 (b) ((7In + xP + 7 = Tn? + Inx, remainder ©); g(5n +x) = g(x) 

30 (a) (3, 0), (3,3) (b) (3, -2) (©) (1,2) (d) (x,y) ——> (Be, =) 
31 (a) -1t04 (b) Oto5 


EXERCISE 4.1 


1 (@) equal (b) not real (c) real (4) not real (€) real (f) equal (g) real (h) not real 
(i real (j) notreal 246 34 42,-1 508 744 8k=-§ 9 (a) m>4orm<-4 
(b) y= 4x +5, (2,13); y= 4x + 5, (-213) 10-1, IL £12 12 (@) 2me=1 
(b) 2y=2r4 1 dyext8 13-6<c<6 Mps} 180.4 16 4,-1x24,x 
17 +4 





EXERCISE 4.2 


1 (a) -10,x=3 (b) +4, 
(8) -Hx= 3 (h) Si 


@3ix=-1 © -4,x=4 ) 3x=0 
@) c-b,x=-b 2 [Fig. A4.1] 
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5 (i) 4,-12 (ii) r<-16 ¥ 

6 9-(x- 1750109 

4$<x<2} (b) (15,6) (Fig. A4.7] 

07 

9) k>} (i) K<-2-2<ek<} 

10 (a) 5 (b) g280rgs-8 

UM x<-l0<x<2,x>3 Fig. A4.7 9] F * 
(b) ps-} 











13 =I or ~ 
14 [Fig. A4.8] 0 to 6! 

15 -2, 8, 10 

16 4<x<6 6 

17 (i) xS-4orx224 ii) (1,-9); (1,9) (Fig. A49] 

18 $<xsl 

19 (a) -$ Fig. ASB a 3 * 
20 (a)(i) -7, 10 (ii) 2,4 (b) -2, 1,6 
2 isxs2 

22 -1SxS-},1sx<1} 

23 -2<x<-lp<x<li 

24 kS—6ork22 (i) 1 Gi) 3 

25 2,-4.7 

27 (a) 6,8 (b) -4SxS-1,7Sx<10 
28 (a) 22422822 (b) a<—ora2} -F° ar 
29 [(x- 0)(x—B) =x - (a + B)x + OB =O is identical to x7 + 4x + £ = 0: compare coefficients. 
of + B? = («+ B) - 2a; (a - BY = (a + BY - 408] 


EXERCISE 5.1 


1 (a) x - 88 + 24° - 32416 (b) 8x - 364 + S4x-27 

(©) 32x° + 80x! + 80x! + 40° + 10x41 (d) x8 - Fat + P= Se + Sx 4b 

(©) P+ 6x + 154204 B+ Se (©) H- 2+ Eke 16 

2 (a) 1 = 10x + 40x? - 80x + 80x - 32x° (b) 16 - 96x + 216x? - 216% + BL 

(©) 64-96x + 602-200 + HE -  4 F A) 1-327 +3xt— a6 3 (a) 32 - 80x + 80x - 40x 
(b) 1 ~ 14x + 84x7- 2800 (©) 1-4 + 72-72? (A) 1024 - 640x+ 1602? - 20%" 

4 (a) 81x! - 216x'y + 216x279? - 96xy" + 16y* (b) x Sx? + 10-4 S- 4 

5 a’ + Satb + 10ab* + 10a°b? + Sab‘ +b; 5 6 0.941 480 


7 (a) 1+3x43e42,1-3x4+3e-2 (6) 24+6r;14 8 194 
9 @) 144+ 6r +40 + x4, 1-404 62-40 +24 (b) Bx + Br; 0.080 008 


10 @) +504 10r4+ 2+ $4 5,8-Se4l0r- P+ $- 4 
(b) 10° + 2+ 2 (©) Hi 


A) 


Fig. 49 
x 
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EXERCISE 5.2 


1 1 4x4 62 - 40 + x45 1-4 + 80 214e-8 3 (a) 16-32x+ 24e 

(b) 81 - S4x + 2x7; -3456; 3888 (c) 8-4x-Gr (d) 3° 4 (a) 1+ 5x4 100 + 100 
(b) 1+Sx+5x2- 10x 5 (a) 1+8x+ 2424320 + 16x (b) 1-3x 43-25 145x430 
6 1+ Gx + 12x? + Bx; 16 - 16x + 68 = + 


8 1+ 5x-+ 10x? + 10x°; 32 - 80x + 807 - 40x’ 
Il (a) 1+ 3ax + 302? + ate’; bY + 4b'x + 6b? + 4b +24 (b) 2,-2 12 2,- 7 


13 (a) 1 + 4px + 6p?x?; 1 + 3qx + 3g? (0) '3, =2or=" -1,2 14 (ai) 14 3ar4 date! a's! 
(ii) 1 + 4bx + 6b2x? + 43x? + bit (bo) 4, $or-1,2 15 (a) -70, 168 (b) 350 

16 - 1, %;— 4 17 (a) 18x + 24x? - 32x" (b) 1 Bx + 2807 
18 1 + 4x + 6x7; 1 + 4ax + (4b-+ 607)"; 2,-3. 19 0.1 20 1-8 + 28; 0.99203 


EXERCISE 5.3 


1 (a) 6 (b) 12 (c) 504 (d) 495 2 (a) 15 (b) 36 (c) 495 (Ad) 455 33 
4 14 10r+ 4527 (b) x? Gr! + Et (c) x” 9x" + 36x° 5S (a) 7920 (b) -3240 (€) 126 
620 79,3 86,3 9 fourth,-¥ 107 


REVISION EXERCISE 5 


1 (i) 1- 15x +902 - 27002 (ii) 1 + 35x + 525x + 4375x°; 90 

2 a+ 6a'i + 15a‘ ; 2, $3, 464x 3 1 - 10x + 40°; 2, 7,-13 

4 (a) 1+ 10x + 40x? + 802° + 80x¢ + 32x5, 1 — 10x + 40° — 802° + 80x4 - 32:5 

(b) 20x + 160x° + 64x° (c) 0.020 000 160 000 064 5 (i) 1 + Sar+ 10a? 

Gi) 1 - 8Br + 28B"F; 10a: - 4008 + 286? 6 10, 10 

7-1 — Sp + 10p? — 10p’ + Sp* — p*; 1 — Sx + 5x7 + 10°; 0.01 8 sixth 

9 (i) 64 + 192x2 + 2404 + 160x* (ii) 48 10 $ or & I Y.-¥;-7 12-$,12 

-},3 14 28:5 153-2 168 17 fourth; 280 18 7,-1 

io 1 Sx 10x? + 10x + Sat +29, 1+ Sa? + DOr + 104 + Sak +! (c) 1+ Sx + 15x? + 350° 
3 














EXERCISE 6.1 

1 (a) 60° (b) 18° (c) 120° (d) 720° (e) 30° (A) 20° (g) 135° (h) 330° (i) 225° 
@ 221° (k) 114.6 (0) 859° 2@)§ OY © F @3r OE OF PF 
(bh) FG) 2 G) 3 @OS (OS (1 )-07071 (©) 1 (A 0.9093 (g) 0.8776 
4 (a) F (b) 0.93 (©) 0.98 (d) 1.32 5 0.068 6 Values tend to 1 


EXERCISE 6.2 


112rad 2 1.67 rad 3 O5rad,3cm 4 (a) 10cm (b) 0.3 rad 5 (a) 5.2, 10.4 
(b) 10,40 (c) 0.5.4 (d) 12,0.25 (e) 6,24 6 (a) 9.6cm? (b) 12.8cm 7 (a) 4.47 
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(b) 0.841 (c) 11.5 (d) 11.0% 84cm 9 (a) 1.85rad (b) 9.27cm 10 40cm, 1.2 rad; 
24cm, 3}rad 11 27ms' 12 (a) & (b) O52ms* 13 (a) 1.85 rad (b) 22.1m 
14 (a) 3730cm* (b) 256cm 15 (a) 2.46 rad (b) 0.292 16 (a) Scm (b) 0.4 rad 

(©) 48cm? 17 (a) 1.85 (b) 11.2cm? (c) 0.28 1825 19 (c) 3Srs4 20 (c) 3cm 
(d) 2 rad 


REVISION EXERCISE 6 


1 (a) § (1.05) rad (b) 209 cm? 2 44cm? 3 12.93em 4 (i) FO (ii) F(O~ } sin 26) 
Gili) $ (resin? @- 20+ sin 26) 5 18.82cm* 6 (i) 2.02 rad (ii) 10:1 em (iii) 14.8 em? 
7 (i) 42.15 cm* (ii) 0.57 8 48.33 cm? 9 (i) 51.6em (ii) 4763 em? (ili) 94.7% 

10 (i) 28 cm? (i) 2% cm? (iii) OB rad (iv) 26cm 11 (a) 4.44 m(¥2 x) 

(b) 4.57 om? (4-8) 12 6.17 cm? 13 43.2cm? 14 3; 2rad 1S (a) 2 rad 

(©) 1.63 cm? 16 [total area of sectors = 2x $x 20+2x 4x 2 (m8); area of rhombus = 
sin 0] 0.77, 2.37 17 10:1 


EXERCISE 7.1 


1 (a) 19.5°, 160.5°  (b) 40.4°, 319.6°  (c) 49.0°, 229.0° (d) 110.5%, 249.5° 
(e) 194.5, 345.5° (f) 141.0°, 321.0° (g) 186.8°, 353.2° (h) 220.5°, 319.5° 
(i) 76.79, 283.3° (j) 123.7°, 303.7° (k) 34.9°, 145.2° (1) 98.0°, 262.0° 

(m) 150.4°, 209.6° (n) 61.6°, 241.6° (0) 61.1°, 298.9° 

2 (a) 0°, 23.6°, 156.4°, 180°, 360° (b) 18.4°, 198.4°, 161.6°, 341.6° 

(c) 18.3°, 116.6%, 198.3°, 296.6° (d) 90°, 138.6°, 221.4°, 270° 

(e) 39.2°, 140.8°, 219.2°, 320.8°  (f) 210°, 221.8°, 318.2°, 330° 

(g) 117.79, 202.3° (h) 170.5°, 350.5° (i) 0°, 19.5°, 160.5°, 180°, 360° 

Gj) 36.9°, 143.1°, 216.9°, 323.1° (k) 39. 140.8°, 219.2°, 320.8° 

(I) 210°, 41.8°, 138.2°, 330° (m) 109.5°, 250.5° (n) 1 
(0) 168.6°, 251.4° 3 35.3°, 144.7°, 215.3°, 324.7° 4 158.2°, 
5 39.2°, 140,8°, 219.2°, 320.8° 6 (a) 26.7°, 153.3° (b) 129.1° (c) 65.1° 7 (a) 0.5 
©) F © -—036 @ F ©) 058 ( ¥ ()-105 9 (@) 205°, 339.5° 


(b) 15.7°, 164.3°  (c) 129.8%, 230.2° (d) 126.7°, 306.7° 


EXERCISE 7.2 


1 120° (Fig.A7.1] 2 (Fig.A7.2] 3 4 [Fig.A7.3] 


















y y 


y=sin29 y= 00s 38 


Fig. A7.1 
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y y y 
=t+2sino yelte2sing, yrts [eso] 
6 ° a 


Fig. A7.8 


6 (Fig. A7.9] 7 (Fig. A7.10] 8 [Fig. A7.11] 9 (Fig. A7.12] 3 10 (Fig. A7.13] 4 
11 (Fig. A7.14] 6; 12 12 (Fig. A7.15] 2 





ye 120081 






ya2eon0 
y= |2.c0s x, J 


yok y= jan 0 


yat=l2e0881 


Fig. A7.9 Fig. A7.10 Fig, A7.11 


Fig. A712 






Joye sin x= 4) 





y 
Fig. A713. Fig. A7.14 Fig. A715 


EXERCISE 7.5 


1 70.5°, 289.5° 2 90°, 228.6°, 311.4° 3 19.5°, 160.5° 4 30°, 150°, 210°, 330° 

5 30°, 150° 6 45°, 71.6°, 225°, 251.6° 7 $4.7°, 125.3°, 234.79, 305.3° 8 30°, 90°, 150° 
9 19.5°, 41.8°, 138.2°, 160.5° 10 48.2°, 270°, 311.8° 11 0°, 101.5°, 258.5° 

12 60°, 120°, 240°, 300° 
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EXERCISE 8.1 


1 [Fig.A8.1} 2 -2a, 3a,$a 3 (@) 3a (b) a (©) -ja 4(@)-a, )-b, ©, 
(d) 2c, (e) 2b 5 Collinear 6 5 713 8 (V5,2) or (-V5,2) 





























Fig. AB.1 





EXERCISE 8.2 
1 [Fig.A8.2] 2 (a) a+b (b) —a—b 3 [Fig.A83] 4 The parallelogram is a rhombus 


Fig, AB.2 
































Fig. A8.3 





EXERCISE 9.2 





1 (a) 6x (b) Gr (c) +1 @) -2e (e) () 38-2 (g) = 
2 @ (ii) (iii) 

(a) 8 “4 0 

(b) 12 6 0 

(c) 3 3 -1 

(d) 4 2 0 

() -} -1 undefined 

0) 8 si 0 

@ -k -1 4 


3 (@) 6 6 (b) 1 (©) -1 4 (a) 3P-2x (b) 0,3 (© 0,-4 
5 [gradient function =-4 - 2x] max 6 - +4;+4 7 2ar+b 


EXERCISE 9.3 


1 (a) 6x (b) 8x (c) 128 1+ (@)x-1 (20 3 (a) 4x-4 
(Mi) (1) Gi) C17) 4 (@) 2e+a (by -4 


EXERCISE 9.4 


1 (a) 5 (b) 8 (c) 0 Gd) 6x (©) 6x—1 (f) 3x -2e-1 (g) “6x (h) 2-2 

i) -4 @ 6-4 (k) 3 -12e+12 () 2e-% (m) #4040 4x 

(n) 2x-2+3 (o) 4-2 (p) 261-4 39F-4r+1 4 181-12 
566274 8 7) 10 1,-2 11 (2-38) 12 1-3 
14 8s- 


17 10,-13 18 x<-lorx22 






EXERCISE 9.5 

1 (a) S(x— 3)" (b) 21Gx- 1) (©) (5-24)? (Ad) 40(4r 
(f) 3(2e— Dar — a+ IP (g) ST - 4x3 —x-2e)* (hy -— 
(k) 4( 


5)” (e) 16a = 3y 
@ ae O ate 
© =F 

3-9 



















mr 


ni nes ne 


(b) 3 7-6 81 
) 4-3 12 2 


EXERCISE 9.6 


A (@) 12x - 10x, 24x- 10 (b) 6(2x-7)?; 24(2e- 7) (c) -16(1 - 4x); Il = A? 
@-d:3 © %+5;:2-3 © Sei ay @ 4P-2+ 3; 128-2-4 
26+ 456-2 343 412 53,-2or-3,2 6-44 Tot; ap 8 3,6:3) 
9x23 
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REVISION EXERCISE 9 


1 (a) x- SP (b) 1001-28) ©) PEE @) 12x(2P- 1? 

(©) 3-3 -4x)(1-3x- 2" () Zh (g) 32+ HQr- LF ) $-4 lest 
@) -2- Sp 2OSxS2 348 4-2 ) 2+3y=12 (©) 4,60) 

(@) 52 S$ Bork 64-25; A. 7 b= 4, 12,4 BSorl} 9 -2,-5 
10 (a) 2,3 (b) [gradient =-34] 11 (b) y=3r-6,y=-3r-3 12 -3,5 
3} 


6,-26 143,-1 IS -3<x<1 16 F 5x54 18 (a) 2-j (b) 1 














EXERCISE 10.1 


Li<-lorr>! 2xcd 3xcorx>2;(2-1),21) 4 bere 

§ -2<x< 1; (1-3), (2,24) 6 1<3 7 (@) y+ 6x=-I1, 6y—x= 45 
Sxa4,Sy+x=-6 (d) y=5x+3,5y+x=-11 
,y-3x=-S (g) y-2v=-3,2v¢x=1 

) 8x11, 8y+x=42 (i) y= 2042, 2y 4, 
(k) y ) $ () 2y=2e43,2y+2x=1 8 4y 
9 (a) (1,2) (b) 4y=x+9 10 (a) y=x (b) (2,2) 11 (@) y+ 
(c) y+7x=15 12 [Normal is 18y + 8x=35]- $13 
15 -3<a<3 16 (a\i) 2y+x=3 (ii) (44) () 



















) (4) 
8x — 12, 3y = 8x 12 (4,0) 








EXERCISE 10.2 

















1 @ Gi) 
(a) max at 16 
(b) min at x -! 
(c) max at 0 

min atx 4 
(4) ptof inf ats 2 
(©) max at 85 
min at -40 
(f) max at 1 
min at.x= x 
(g) pt of inf atx =0 1 
min atx = 0 
(h) max atx =-5 -10 
min atx=5 10 
(i) none 
G) ptofinfary=2 10 
(k) none 
(1) min atx 8 
min at x 8 
(m) max at. 0 
min atx 4 
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EXERCISE 10.6 


1 20.1cm?s' 2 0.106cms' 3 (a) 314cm’s"' (6) 62.8cm?s' 4 1.59cms! 
5 2em's! 6 S4ncm*s' 7 4.77cms' 8 2400 90.4 100.75 11 41,89cm3s-! 
12 96 cms! 13 0.637cms' 14 1.59cms-! 15 -0.125 16 0.018 units s* 


17 1.02 cms" (increasing) 18 (a) S6x-4x? (b) 2 (c) -10cm*s! 19 Bcms* 
20 (6) 239ems! 24 () 2S emis! 22 (a) [F =H x] ©) -Sx+25 
(©) Hems! 


REVISION EXERCISE 10 


Lx<-lors>S 21} 3005 4 (i) $;¥% (i) 24 5 0.012em's!; 5 km 
maximum 7 2% 8 





12 y= 2a" [A= 4x 22 + 40? + (A ne) 4-ne + 2nay] (i) 3 Gi) 54, 
13 (a) ow ae ©) 1; 14 Vi0o-#; 158 16 (@) L=4r,8 
17 (0,2- 3mm), (3=2 2,0); 12 [m =- 3] 18 (a) 30cms", 42cms? (b) 64 cm 

19 10 cm, 63 om, dom 20 -4% a (i) 9ms* (ii) 12ms* 8ms" 22 8cm 
23 1,-2,-7,-3 %x=-1, =0, ptof inf. 25 (b) nr(22-3r) (c) fr = 4] 
26 (b) -2% 27 (b) 2.11 cms Po = 2] (b)(i) 2.78 cms" (ii) 1ems* 
(c) -228 ems" [If PQ = 2. 2D 5 a 29 (a) 2 (b) 2+ 4M _ 80; 

45 (8.9), 45 30 (4.4); WGBr- 2 2)[aise, 8), Bis (x £) 2 =2¥2) 
















EXERCISE 11.1 
1(@) +e W)xte (te MPte ()3-Fte () K+ 





(g) S+e GT asene Olerea ste @ $-f4e Wx-¥- te 
@ £-P+e (M-k+e (os 2420 e4r+e (0) F-¥ +B axte (prt te 
@ 4x-28+ E4e © get tte () £-£-6rtce () F-L+e 





@w) -L-+e ( e-2 eee Ate 2G) F-Ar+e b)-J+e | Fe 
(@) 2+ +e (© Bute ® Ste @ -ire (i) -t- Ate 
3a) -!-b4e (6) 3°62 +4rte (©) p- ws 6pte (d) x-M4e- LHe 


(©) ¥-t+tte () S-s-Lte (g) s-L-48 +c th) P+ S+ite 





@ S-f4e @ y-2+ Be &) £-2F +f 4e @) #+6r- 2 4c 
(m) 2-!+Z+e (n) ¥+ L-3r +e 
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REVISION EXERCISE 11 


1ls,y= S-4r+l 2 (a) -2 (b&) 2 3 1:7 4 (i) 20ms" (ii) 32m 

5 (i) C15), 22) Gi) 4:3 6 @ 29) (&) y=% (© 2 units? 7 1:7 

8 8:5 [volumes are 5 about y-axis, about x-axis] 9 (a) (1,4), (4,1) (b) 97 units® 
10 4,-3;4m 1 (a) -}+ +c (b) fF units’ 125;94 13 % units’ 143 
15 (a) (1,0) (b) 6 units? 16 (a) (0,4), (2,0), (1,3) (b) 15:28 

17 (a) Area above x-axis = area below (b)(i) 18 (ii) 2 (iii) 4 18 (a) (12,6) 

(b) 36 units? [Use [x dy] 19 (i) 4y=Sx-3 (ii) (3,0) ii) (1,0) (iv) % units? 
(v) 9:49 20 (i) [area of P= *, area of Q= 22] (ii) [Both=na‘] 21 0 
22 (a) 12 (b) 2 23.2 24 § 25 (a) F units’ (b) munits’ 27 3 

28 [Fig. A11.1; gradients both -1] 2 [parts give 48, % and 4] 











Fig. A111 


PAPER 1 


1 (a) 2x- a (b)9 2x=2,y=-lorx =-9y=-3 4 (a) x+4y=7 

(b) y=4r—18 5 (Fig. ARI]x<-! 6 (a) 1,3) (b) 775° 

7 (b) 103.9", 166.1°, 283.9, 346.1° 8 42 9 (a) 1.5 (6) dem (©) 4.02 em? 
10 -¥5 sks V5 (b) 6+4x-2e 








Fig. AR. 


PAPER 2 


1 (a) 2rad (b) 4em 2 (a) 101.8%, 168.2°, 281.8%, 348.2° (b) 45.5°, 
3 (a) -6ms* (b) 4m 4 (a) 6048 (b) 2,-1 5 (4,3), (-16,-37) 6 Sunits? 
7 2,-3;2y + 25x=28 89% 9 (a\li) 5 (ii) 1,4 

(b) ~§,4lg:x—s Ay] 10 (a) i+ 7] (b) 109.4 





54.5° 
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Fig. ARA Fig. ARS Fig. ARG 


EXERCISE 12.1 


1@1 &) 1 © 41 @)-29 © -2 ZF @ Si th P+ 241-1 

2 (a) 15 (b) 60 (c) 171 3 (a) -15 (&) -2B ()-18 d) 33 (e)- 4 (33 
4-21 5 § 6-a+b-c+d 79-53 81 9-10 102,-4 I p-29=6; 
12 -2,-2 13 3,1or-I,5 14 -3,-2 155,4 16 2,4 17 -3,2 








EXERCISE 12.2 


1 (@) (+ DE =x41) ) &-DE-DE-2) © (et De-2E-3) 

(d) Ge + IG + 2) +3) (©) &- DOP +2) ( @& + D@- 29+ 4) 

(g) (e+ Dor+ DQx+3) Ch) @- IF DGr4+2) |) @- DOE Hx+ 1 

@ = 2H+3)K=- 3) &) (X+ XE-YO2x-3)  @— NAr- Gx 2) 

2 7 (= We + 3)x-2) 4 -1,-2;x- 1 5 -Hyx-2,x-1 

6 4, -3; (x + IW -x-3) 7 4,2; 2) - 2e-2) 

8 4,6; (x- 3x eH 1) 9 LL Apx+1x—1 10 3,2; 22-14) 11 -2,0 
122 13 3.x-1 Mx lx+2 15 3,1; 3x°— 8x + 15x + 26; (x + 1)(3x?- 11x + 26) 









EXERCISE 12.3 


1 (a) L,-1,-1) (6) 1 2 (©) -1-3,-2 @) 1,12 © -3 (f) -1,-3,4 
(g) 2,3,4  (h) -1, 2.79, -1.79 (i) -1,2,3 (j) 2, 
2-2-1 45 14 3-1 -7 (b) 3,-2,-5 
(c) 3,-4,-2 (d) 4, 0 (e) 2,-5.6 (f) 2,-1,-3 5 (a) 1,-3,2;3,-1,4 

b) 42,3 "6 4,-11; 1, 1,-6 7 (@) -3,-4; 2,-2.3 (6) -2;1,-1,2 8 4,1,-2 

9 (-1,-1), -2,-8), (3,27) 10 [Values of B inconsistent] -6 [A 
-2, -2; double value atx=-2 12 x= 1, mi 2,max;x=3,min 13 (a) y=3 
(b) (2.9) (c) 6} 14 (a) y=3x—2 (b) (-2,-8) (©) 62 units? 
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REVISION EXERCISE 12 


3,2;23 2 (a) ¢ (b) [b= a 3 (a) -2p-38;p=-19 (b) 22,4 (c) 1 
41,23 5 (a) 3. () -1-£2 (©) 34,1} 6 (a) 12:-2,2,3 (b) -2,-0.78, 1.28 
©) -2 Tex) 3,6 Gi) Yes for first expression (bi) -33 (ii) 2. 8 2,-3.4 
6x + 12x-7; (1,0) 10 1,-1.2 11 (a) -16 (b) 4 (c)fii) -2, 6,3 
12 (a) y=2x+1 (ii) (2-3) (iii) 6F 13 (1.1), (1,3), (2,10); P23, Q : 
14 1, 1, -2; -1,-1, 4 [equation is (x + 2)? - 3(x + 2) + 15 [Find £(3)] 

16 1,2,-3 17 0°, 60°, 109.5°, 250.5°, 300°, 360° 18 (x= I)? -2pr-q) 19 b= B=2 
2A x <1 and 2. <x <4; [equivalent to. — Sx + 2x +8 = (x + Ilr 2-4) <0] 














EXERCISE 13.1 


1 (@) 2, 4; 26, 58 (b) -3, 3; 15.39 (c) }. (d) 1,7, -0.3; -0.1, -2.5 

2 () 19 (b) 31 (©) 3n—5 3 (a) -15 (b) -59_ (©) L4th_ @) 21 - 

4 (@) 3n— 13 (b) 2.-3 5 (a) 5 (b) 61 6 2) 7 (a) 2} (b) 2Qn+1) 8 61 
9144; 1Gn+7) 10 (a) 4.3 (b) 3n—7 1 (a) 2.6m (b) 3m + 1 cm 

12 (ai) -37 Gi) 102 (b) -2_ (©) -5_ 13 (ali) 8; (ii) 18} (b) 2: 14 14,-1 
15 2$ 16 6,4 17-184: 185,3 19 }(7-n) 20 -3,2,70r7,2,-3 

21 q-d,q+d;12,7,2 22 (a)and(d) 23 (a)a+2d=0 244 25 -lorl; 








EXERCISE 13.2 


1 (a) -300 (b) 330 (c) -17} (d) 3.3. (e) 104 (f) -710 (g) 45; 2 
3-555 431 5644 68 710 8 30;1710 9 -33,-13,1 

10 [T, =a + 7d =S, = 4(2a + 7d) givesa+3d=O0] U1 13; 127$ 12 -4;208 13 7; 15 
14 19:5 156 16 I1cm 17 (a) 43cm (b) Ofa=45,d=-3] 18 54 19 (a) 2 

(b) 12 (c) 25 20 (a) 9 (b) 9 21 57:7 












EXERCISE 13.3 


1@% OF OF 20-73 #4 6 (b), (d), (€), (H), (h) 
7 (a) 3 () ¥ f ©) $ 8@? wt 9 ak, ak:2 10 12,18 11 27,3 
12 (a) 1b) 2 4 @ for3 (b) -lor2 15 18 16 Sth 17 (a) } or-} 
(b) For! 18 (a) -Sor$ (b) Bor! 192 209 21 26em 222-3 








EXERCISE 13.4 


15 2953 2397 3 (a)-3 () 243 () 133 4 (a)2 (©) 3 5 (a8 by} 
8 6 (a) 15 (b) 3 (ce) BEd) 116 7 (a) 3: (b) S10 -B (a) +} (b) BI 
(c) #, 2 cm 9 71cm 108 I (a) 2 (b) 252 12 27, 18, 12 or -27, 18, -12; 
105! of 27} 13 467m 14 @) % (b)§ © 5 @){ 15 @ %=256 (b)} 
(c) 511 16.9 17 18; 2.400.000 barrels 


635 


EXERCISE 13.5 


1 (a) $  (b) 36 (C) not possible (A) 216 (e) not possible (f) 62 (g) 36 os 

(i) not possible G) 2 22 3 486cm 42% $2 660 7 (a) 6or3 (b) tor 5 
z (@ 25 (b) 039% (©) 11 104 114 12 120r6;4or? 13 42! 

14 (a) -! (b) $ ©) $15 5:27 16 360" 17 (a) } (b) 24 (©) 36 

18 (a) ~J or} (b) 28 or 3 19 $20 (a) 10055 (b) 30000 21 (a) 1 300 000 

(b) 920.000 (c) 29% 22 1 23 (a) jfareas are I, }, ;5,... times AABC] (b) } 

Wa) - 4d ) 3} 23) A )a=ler 


a 
id 
) 





REVISION EXERCISE 13 


1 (a) 14 (b) 370 2-83 32,2 48 5 1392 67,-30r1,3 7 33 Bad 
(b) 2 9 (a) 116 (b) 3, $ or 3,-2:44 10 (ayli) 2 Gi) 20 iii) 304 (OYA) + 
Gi) $i) S11 @) 15.2em_ (Mi (ii) 54 12 6,-3 13 (i) 20000 (ii) 17 
(iii) 16 665 (iv) 16.7% 14 89.3%,n=18 15 -1,42 16 4, yt 

17 1,3,5,... 18 (a) 0.905 (b) 0.786 19 -1,4,12 204 21 1<x<2or-I<x<0 
22 [In Fig. A13.1, tan @= “=* =r—1,tan@= =" =r—1] (b) 22.5° 

23 16 [A(1.05)"-' = 2A so 1.05"= 2.1] 24 11 




















Fig. A13.1 


EXERCISE 14.1 


1 (a) 2sinAsinB (b) 2cos Asin B 3 (a) 
5 cos(40° + x); 5.6°, 274.4° 6 (a) -2 (by) -2 
9 (Find tan(A + B)] 10 0.7071 | Ty 
12 (a) 30°, 210° (b) 18.42, 198.4° (c) 165.0°. 345.0" () 1 
(e) 79.1°, 259.1° 13 (a) 40° (b) 80°, 260° 14 (a) 1 (b) " 
) ¥ © $ @ EB 16 @) -8 &) 2 © -B @ 
18 -1, §, 99.6°, 33.6°; 66.6, 33.0° 19 [Expand and divide by cos 6]; 48.5°, 228.5° 
21 (b) cos @ cos @ + sin @ sin g [lal = Ibl = 1] 







o 8 © 
220 
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Fig. AI5.1 


EXERCISE 16.1 (Answers from graphs are approximate) 


130,022 2y=200 3 100,-04 4 2=er¢1¥=2,X=x46,2 5 15,2.8,330 
6y=3,+2 72,10 8 ye = ax +b; take Y=y 
9 Plot ¥ against X where Y= 1,x= 4; 20,80 10 y= 






REVISION EXERCISE 16 (Answers from graphs are approximate) 


b=2,05 2 (a) y= +5 (b) (i) y= 107 
gainst x. 3 +4 plot Y= = against x 


1 Take Y= y?, plot ¥ agains x 
(c) convert to = = 
















gradient = ~¢ 


Gradient 
@ 





; plot y against X = xy. 


(b) [xy = a + 5; gradient = a, intercept = b] 
=75 Gi) 54 5 (a) 144,055 (b) (i) +3 (ii) y= {GR-4x-7) 








Gi) -1, 2 6 (@) 0.1, $[y= =] 0.224 (b) £=(-p)4 +9; plot + against 1, gradient = 








4 imercept=q 7 5.7,20 8 (a) 25,1 () [Convert to 5? = oer £15,3 
9 [lga+Igy= b lg(-V ~ 1); plot ¥ = lg y against X = Ig( 4 - 19}: 4, 0.7 10 1.5, 10 


EXERCISE 17.1 

1@-irF @ 2} © 2x-3! @ rite} E@- Aner 6e) () 3x4 
(g) -2x-$ (hy (4x2 - 3)-4 () Gx- D0 -2e+ ary 2 (a) Sxite (b) alte 
(c) i ite @ ite (e) dai - fise () axi+e (g) ‘Gale (h) hte 
w id Tate 3a) 2 -$ © i @1 ©6 4@ +e 

(b) BOx+sy +e © -te- wet+e @ Uax- Di +e (© -!ar— ate 

wo Gxt Mite (g) Qr+ Hite () -46- Anite (i) -B- wire 

@ £Gx+ +e OW) L4x- Di +e ()Qx- 58 +e Gm) AGr- Di +e 








(n) }0-2xy' +e 5 @) 1 (by 2B ©@2 @ 4 © -4 (85 (2 (hy 


6 i 7 § 80.0075 9 -0.024 100.24 11 2% 12 -0.06 


EXERCISE 17.2 


1 (a) (e-2)3x-2) (b) 22-1) (C) (Se + 3x-2) (Ad) (x + Ile -2)'(5x- 1) 
(e) x41 = 2x5 = 14x) (f) -(1 = 93 = 279 - Sx) (g) x6P — x - 18? - Sx - 2) 

(h) 2x(? - 3/4 - 3) (i) 23x — 212? - 4x -— 3) j) 2? + 1)(2x - 17x - 2x + 3) 
&) fh = Da3e 1) © We-N2VE-1) (m 21-247 - 8) 

(n) $y} (+ 1@x-7) (©) + IGE -2x-7) = + 1)5x-7) 

(p) 6(3x — 1)(2x + 3P°(Sx+2) 2 y=Se-7 32 4 (4x4 I) t 1; 6x + 12x41) 
S (2x - 1)(10x — 1); 16(2x - 1)(5x-1) 6 0,1, 3 7 Ax + Ix + 2PGx + Sx + 1) 


EXERCISE 17.3 
1a) 35 (b) 


ar Oae Oat © SSS © Sar 0 oP 


1 Ae ge— te 
ow (m) iy 


(ky) #2 





ital cay mene eee ay 
Dd age Coen oO: 








dade) ria ree Basil 
() SP 2 pepe IP 3 F Ved saad 


at 80,4 9 (a) 3 (b) lor-3 10 


rte p 


EXERCISE 17.4 











© 2) 2 @- 

















in 
© Re OF 5 ORS @) STO oe © EG 
~) e2 @ = 2 2@-} 1 @-} M4 @2Z M1 


Sysxthxtys3 4 3yex423ytxe-5 Sayaxtl4 64! 73,-1 
8 Sy= 4x4 12 


EXERCISE 17.5 

1 (a) 15x Se 2 (by Sx Gc) 1820-17 d) HE (e) 2x - 228 - 4x4 374 
() 2 (g) -24r- 3)? (hy Vege 3 Ax- 2) 4+ 3)= 20-4) Gy 
(k) on (I) (28) + NGt + 2e+ I? (m) (mn) (x = 13 - 2x)(13 - 10x) 

(0) $+ Wx? = 3x4 (p) 6(e= oF -2e-F (q) 20 —-NQE- 44 573 

() 9xGe = 4)! 2 @) dette (b) Lar+ 38 (©) -HU- Anite @) -1Gx44)? 
(©) @x- 3! +e 3@? )S OL A4xtdy=13 $42 


; M2. 
3 ymax atx = 0 
N=” ata! 








6 y+5x=12,y=8r-12 7TO1I A 8 
10 15y = 108-422 12 -y2 
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EXERCISE 17.6 


1 (a) 3cos 3x (b) Scos $ (c)—tsin 4 (d) 3 sec? 3x (€) -cos x cosec’ x 

(f) sinx+xcosx (g) 2xcos 2x— 2x sin 2x (h) ~4x sin(2- 1) (i) -cos(¥ - x) 

@) } sect (ky xcosx (1) =244 (m) ~6 sin 2xcos* 2x (n) cos.x~xsin.x-2 cos 2x 
(0) 3 cos 3x cos 2x ~2 sin 3x sin 2x (p) 2 sin 2x cos 2x(4 + sin? 2x} 

(q) 18x cosi(1 — 3x2) sin(1 —3x°)() sec? 2x (tan 2x)! 2 (a) —3 sin 3x (b) 4 cos 
(c) - 4x sin(2e - 1) (d) 6 sin? 2x cos 2x (e) } sec(4 - 2) 

(D) $ cos 4 cos 2x-2sin 4 sin 2x (g) see (h) 2etan § + $x sec? £ 

() = 2rsins? () cos 2e— sin x—a(2 sin 2 # 008 3) 3 2eos 2x, -Asin 2x (= 4y) 4 =m 
5 l= ~A(A cos 2r + B sin 23)h 2 6 1.11,4.25 7 2¢sin.x + cos 2x)(cos x2 sin 2x) 
62) 9 1 10 (a) 203,5.18 (b) §, 8; ¥3,~13 


ire 
x+y 














EXERCISE 17.7 

1 (a) -4cos2v+e (b) tsindy+e (©) 2eost+e (d) —cos3x+e (ce) + tan3x+e 
(f) £ sin 2e+cosx+e (g) -cosx+sinxte (h) +B++e (i) stages 

@ cos$—x)+e (kK) 2tantt+e (I) dsin2e+cosx+e (m) x+ } cos2v+e 
cos2x+c 2 (a) 1 (b) 1 (©) = 1 ©) O ()1+4 (g) 047 
@) = 2 MO & S*=78) 3-+++4sin2%®+1+2 4@2 HS 

6 2n? 7 (a) = (b) 059 (c) 
10 (a) $ (b) $ Mb) 1-F 12 = 





(n) -2 cos x- 








150 9 £44sindvtec 


“REVISION EXERCISE 17 


1 4284; 2 2 2cosx—xsinx 3 2nGe+8) 43 5 (ahi) 124x+1F 
Gi) tan 3x + 3x sect 3x (b) SEY (©) 3y=Bx-29 G6 Z-1 B (a) “meezan 
(b) 24 (@) ] @ 2Gr-Nex- HF 


1 f= 
Tsim Garvey © ete 
9 y=-3x+ ele 10 10 (a) 3(1—cos 2x); +2 (b) 2 (c) & 1 -0.0058 
sin?x)] 0, 2, 3. Sn (b) 0, 51,0 16 0.01 


124 134 15 (a) [£=sin 2x(1 

17 [= cE <0] is $=-222; 2, 19 1 210, 22-2, + yt = 
[product =-1] 23 (a) [v= 8 cos 2r= 8 (1-4), a =-16 sin 2r = 4s] 

(b) #4 units from O [max and min values of 4 sin 21] 

24 (a) 450 min [max when r= 0, min h when 2 =z] (b) 
(c) 150 min [2 + 2 cos 2 =3] 25 (a) -cosec*®@ (b) [V= 
(c) 2m% [© x 100% = wt x 0.04 x = x 100%] 












{4 





(250. 


mr) 
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